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FOREWORD 


Ihis  r«port  was  prepared  bjr  The  Harshaw  Chemical  Coxapsay,  Solid  State 
Reaearoh  Laboratory,  oorering  the  work  aceoapliehed  during  the  period  from 
DeoetWber  1$,  1962,  to  March  15,  1963,  under  Contract  AF  33(657) -9975.  This 
r^ort  is  being  published  and  distributed  prior  to  Air  Force  review.  Its 
publication  is  for  the  exchange  and  stimulation  of  ideas  and  does  not  consti¬ 
tute  approval  by  the  Air  Force  of  the  findings  or  conclusion  contained  there¬ 
in. 


The  work  of  this  pz*oJect  deals  with  certain  specific  problem  areas  of 
the  cadmium  sulfide  thin  film  front  wall  solar  ceil.  Related  contracts 
^)onaored  by  the  Air  Force,  by  other  Department  of  Defense  Agencies,  and  by 
NASA  at  Harshaw  and  at  other  organizations  are  concerned  with  other  aspects 
of  cadmium  sulfide  solar  cells,  other  photovoltaic  conversion  systems  and 
with  the  investigation  of  the  properties  of  various  semiconductive  materials 
with  photovoltaic  possibilities. 

The  detailed  work  of  the  project  has  been  divided  into  three  major  parts 
with  a  principal  investigator  in  charge  of  each.  Cell  Development  efforts 
have  been  under  the  supervision  of  J.  C.  Schaefer  and  include  the  woiic  on  the 
orbital  evaluation  program,  cell  contacting,  cell  stability  studies,  cell  and 
array  construction,  and  other  methods  of  film  formation.  Mr.  Schaefer  has 
been  assisted  in  this  area  by  R.  J.  Humrick,  W.  W.  Baldauf,  T.  A.  Qriffin,  and 
R.  W.  Olmsted.  Materials  Research,  includi^  materials  purification  and  film 
structure  studies,  has  been  under  the  sr:pervision  of  G.  A.  Wolff,  who  has  been 
assisted  by  R.  F.  Belt  and  0.  D.  Bell  in  the  former  area  and  by  J.  R.  Hietanen 
in  the  latter  area.  Cell  Research  effoirts  or.  basic  barrier  studies  has  been 
carried  out  by  E.  R.  Hill.  Technical  and  administrative  direction  of  the 
project  has  been  carried  out  by  F.  A.  Shirland. 
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INTRODOCnON  AND  SUMMARY 


This  l8  the  second  quarterly  progress  r^ort  on  Contract  AP  33(657) -9975 
eoncemed  with  the  investigation  of  large  area  CdS  film  cells. 

The  effort  for  a  large  portion  of  this  quarter  has  been  directed  toward 
the  ooBgjletlon  and  tasting  of  the  four  orbital  test  panels.  The  tenperature, 
shook  and  aoeelleratlon  teats  were  performed  during  the  first  quarter,  iriiUe 
the  sinusoidal  and  random  or  white  noise  vibration  tests  were  conducted  during 
this  period.  No  detrimental  cell  effects  wen  noted.  The  panels  were  tested 
under  tungsten  light  and  sunlight,  and  were  found  to  have  efficiencies  of  2.U 
to  2,9%  with  power  to  weight  ratios  of  9.2  to  12.5  watts  per  pound.  Various 
griq)hs  Indicating  expected  performance  In  space  are  included. 

Coiiq)letlon  of  this  high  priority  effort  permitted  the  emphasis  to  return 
to  the  research  and  development  phases.  Uniform  coatings  of  CdS  have  been 
electrophoretlcally  deposited  on  molybdenum  substrates  from  nonaqueous  solutions. 
New  plastics  and  collector  grid  materials  have  been  tested.  Pole  figure 
techniques  are  being  implied  to  films  deposited  on  various  substrates  to  determine 
the  effect  of  substrates  on  grain  orientation.  Studies  of  grain  orientation 
have  been  continued  using  llght-flgure  and  x-ray  diffraction  techniques. 

A  pi^er  given  by  Dr.  Q.  A.  Wolff  and  J.  Hletanen  at  the  International 
Syiif>08lum  on  Condensation  &  Ehrsporatlon  of  Solids,  September,  1962,  at  the  Dryton 
BUtmore  Hotel,  Dayton,  Ohio,  and  sponsored  by  the  Thermophysics  Branch,  Physics 
Laboratory,  Directorate  of  Materials  and  Processes,  Aeronautical  Systems  Division, 
Wright-Fat terson  Air  Force  Base,  Ohio,  has  been  Included  as  an  iqipendlx  because 
of  Its  direct  »latlonshlp  to  the  research  phases  of  this  program. 
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RfcRT  I  -  CELL  DEVELOPMENT 


Ortltal  Eyaloation 

During  this  reporting  period,  the  four  solar  cell  orbital  test  panels, 
each  consisting  of  3-6"  x  6"  arrays  were  conpleted,  tested,  and  delivered  to 
the  contract  monitor  on  schedule. 

For  the  preparation  of  these  panels  an  attempt  was  made  to  match  the 
individua]  3"  x  3"  cells  in  grot^>s  of  four  according  to  their  maximum  power 
values  tdiich  were  then  laminated  together  as  6"  x  6"  arrays.  The  arrays  were 
matched  according  to  their  values  of  current-at-maximvm-power.  Every  third 
array  also  contained  two  heat  sensors  for  the  purpose  of  monitoring  the  surface 
tenperatures .  Table  I  sunnarizes  the  output  data  for  these  arrays  and  panels. 

Panel  Performance  Characteristics 

Figures  1,  2,  3,  and  U,  represent  the  I-V  characteristic  curves  for  Panels 
1,  2,  3>  and  U,  respectively.  In  each  case,  the  solid  curve,  labelled  (1), 
is  the  actual  data  curve  taken  in  tungsten  light  equivalent  to  100  mw/cm^ 
terrestrial  sunlight.  The  curve  labelled  (2),  in  each  case  i‘epresents  an  extra¬ 
polation  of  the  data  of  curve  (1)  to  the  higher  intensity  (lUO  mt/ciir)  of  extra 
terrestrial  sunlight,  but  with  no  provision  for  the  change  in  spectral  distri¬ 
bution.  A  quantitative  prediction  of  the  effect  of  the  change  in  spectral 
distribution  in  outer  space  is  not  known  though  it  is  believed  that  it  will 
increase  sometdiat  the  output  of  CdS  front  wall  cells  over  what  has  been  calcu¬ 
lated  here.  Curve  (2)  has  been  constructed  on  the  basis  of  the  known  effect 
(separately  measured  on  representative  arrays  of  cells)  of  increasing  light 
intensity  on  the  I-V  characteristics,  from  open  circuit  to  short  circuit 
condition.  From  100  to  lliO  m/air  sunlight  Intensity,  the  OCV  Increases  slightly, 
about  iff  while  the  SCO  increases  linearly  by  UO^.  There  appears  to  be  no  pro¬ 
nounced  change  in  the  rectangular ity  of  the  characteristic  curve. 

The  curve  labelled  (3)  in  Figures  1,  2,  3,  and  li,  repz*esents  the  calculated 
effect  of  the  increase  in  tenperature  which  is  expected  to  occur  in  space. 

Based  on  tests  at  the  Chance-Vought  Conpany  facility  at  Dallas,  Texas,  last 
summer,  and  on  independent  tests  in  our  laboratories,  it  is  expected  that  the 
present  design  panels  will  reach  a  steady  state  tenperature  of  llO'^F  in  full 
sunlight  in  space  outside  the  earth's  atmosphere.  An  increase  in  operating 
temperature  from  70®F.  to  110®F.  will  (by  separate  measurements  which  are 
discussed  in  the  following  paragraph)  be  expected  to  result  in  a  drop  in  the 
open  circuit  voltage  of  S.IJJ,  but  an  increase  in  the  short  circuit  current  of 
9.7^«  This  results  in  these  cases  in  an  actual  increase  in  the  expected  maximum 
power  output.  The  maximum  power  rectangle  has  ^een  constructed  in  each  case 
for  both  the  actual  data  curve  (i.e.,  100  mw/cm-  at  70'¥.)  and  for  the  expected 
space  performance  curve  (i.e.,  lliO  mw/cm^  at  110®F.)  and  the  corresponding  load 
lines  have  been  drawn. 

Typical  arrays  of  CdS  front  wall  film  cells,  constructed  at  the  same  time 
as  the  orbital  test  panels,  were  carefully  tested  at  selected  tenperatures 


2 


I 

I 

I 

I 

I 

I 

I 


I 

[ 

i; 


f 


a 

•H 

•e 

o 


3 

o 

a 


Cm 


o 


2 


I 


I 


0 

o 

u 

« 

.8^ 


I 

■p 

u 

«! 


81 

H| 


I 

O 

C^ 

I 


o 

o 


1 

10.2 

XA 

CM 

a 

CK 

11.2 

SI 

1  ^ 

NO 

• 

CM 

H 

e 

fA 

XA 

a 

CM 

00 

a 

CM 

? 

1  1 

H 

O 

r^ 

XA 

P- 

P- 

Si  1 

1 

H 

CM 

iH 

H 

J^l 

1  a 

1  'W' 

CO 

% 

rA 

3 

K' 

XA 

-a 

tt 

■  > 

1 

>* 

1 

UN 

OO 

* 

<*\ 

XA 

PN 

• 

-=f 

a 

rA 

8 

a 

rA 

U  1 
H  1 

1 

5 

1 

w 

UN 

N^ 

\A 

S 

XA 

XA 

XA 

€>  1 
o 
> 

<»N 

-if 

e 

UN 

S 

• 

XA 

3 

a 

XA 

00 

rA 

a 

XA 

/-s 

S 

t^Ht- 

XA 

CM«0  CM 

CM 

CA  OOO 

iH 

nO  On  H 

NO 

wt 

1  •5 

r^XA-4 

CM  CM  N 

«*N 

r- 

C*N«*NnO 
CM  CM  CM 

OA 

XA 

CM  CM  CM 

r- 

PN  CM  XA 
CM  CM  CM 

pi 

Area 

'g 

-:J 

e 

OO 

is 

a 

XA 

]S 

a 

CO 

3 

^  1 

1  ^ 

O  ON  H 

^o 

NO  nO  nO 

Os 

CM 

On  NO -if 

VO 

^  1 

r^CM  CM 

CM 

CM  CM  CM 

CM 

CM  CM  CM 

CM 

CM  CM  CM 

CM 

Q 

O.  1 

43 

1  a 

C**- 

r-l 

XA 

f^ 

a 

O 

CM 

S3  1 

1  i 

iH 

H 

H 

iH 

s\ 

1? 

UN  Q  U\ 
r-  ^nO 
CM  CM  CM 

OO 

CM 

CM  CM  CM 

OO 

Os 

CM 

CM  CM  CM 

CM 

XA 

CM 

CA  CM  CM 

CO 

00 

CM 

i*i 

03 

43 

H 

s 

NOUN  CM 

8 

UN  UN  UN 

XA 

CM  XAXA 

rA 

CM 

-^XAXA 

XA 

rH 

>n 

1  ^ 

1 

H  H  H 

rM  rM  rM 

H  H  H 

-4 

r-l  H  H 

^  1 
03 
M  1 

11 

8 

c»> 

qxa  O 
cSQ  H 

PN  CA  lA 

S 

PN 

PNCM  «A 

OO 

3  8  S 

PN  PNCM 

XA 

C^ 

rA 

^  1 
A  1 

03 

43 

1  ^ 

S 

O  OOO 

CM 

O  CD  O 

8 

On  O  O 

NO 

On  O  O 

GO 

>  1 

1 1 

CnI  CM  H 

XA 

CM  CM  CM 

XA 

H  04  CM 

XA 

H  CnI  CnI 

XA 

Array 

O  CM  ^ 

3 

o 

H 

CA^  CA 

■d 

■P 

O 

4i 

Q  OO 
XAiSXA 
P>  PN  PN 

3 

a 

XA^  CM 
PN  <AXA 
PN  PNPN 

3 

O 

H 

Panel 

H 

CM 

PN 

l4 


Figure  2 

5 


Flgur»  U 


between  the  extremes  of  -ltO°  anti  '«-200‘^.  I-V  characteristic  curves  were  taken 
at  eaoh  tenperature.  The  propoiftlonate  change  in  current  at  various  percentages 
of  open  circuit  voltage  was  est^lished  for  eaoh  tenperature  and  used  to  cal¬ 
culate  'Uie  ejqpeoted  effect  of  tssperature  on  the  output  of  each  of  the  orbital 
test  panels.  Figure  $  shows  the  calculated  1-7  curves  for  Panel  No.  1  at  selected 
tn|>eratares  between  70*^  and  200^.  As  can  be  seen,  the  open  circuit  voltage 
drops  steadily  with  increasing  tenperature.  However,  the  short  circuit  current 
increases  with  increasing  tenperatoire  and  reaches  a  maximum  at  UOoP.  At  higher 
tenperatures  the  current  decreases.  The  result  of  this  is  that  the  I-V  character¬ 
istic  curves  cross  eaoh  other. 

Two  load  lines  are  entered  on  Figure  5.  The  load  line  of  1$.2  ohms  (which 
is  the  load  for  maximum  power  transfer  for  this  panel  at  and  100  m/enr  sun- 
1  tght)  would  show  a  steady  drop  in  po\.dr  output  with  increasing  tenperature. 
However,  the  load  line  of  9.2  ohms  (which  is  tne  load  for  maximum  power  trazisfer 
for  this  panel  at  110^  and  lltO  mw/cm^  sunlight)  reveals  a  different  pattern 
because  of  its  steqzer  slope.  It  intersects  the  I-V  curves  mostly  after  their 
cross  overs.  Figure  6  plots  the  expected  power  (and  conversion  efficiency) 
for  this  panel  in  extraterrestrial  sunlight  with  a  fixed  load  of  9.2  ohms,  over 
the  conplete  tssperature  range  of  -UO  to  +200*^.  it  is  evident  from  this  curve 
that  the  expected  operating  tenperature  of  UO^^F.  in  space  is  indeed  fortunate. 

I  Figures  7,  8,  9,  and  10,  give  the  calibration  curves  of  the  thermistors 

that  were  encapsulated  in  panel  nunher  1,  2,  3,  and  li,  respectively.  In  each 
case,  the  manufacturers  calibration  has  been  given  along  with  the  calibration 
taken  in  our  own  laboratory.  It  is  seen  that  there  is  close  agreement  in  all 
but  one  instance.  In  order  to  prevent  possible  confusion  between  the  two 
thermistors  that  were  encapsulated  in  each  pamel  (one  at  the  front  surface  of 
the  cells,  and  one  at  the  back  surface)  the  thermistors  were  selected  so  ubat 
in  each  case  the  tenperature  versus  resistance  curve  over  the  entire  range  was 
identical  for  both  tiiermistors.  Hence,  only  one  calibration  curve  is  presented 
for  each  panel. 

I  Table  II  includes  the  recommendations  for  the  load  resistances  for  these 

I  orbital  evaluation  panels.  Following  the  apparent  requirements  of  the  telemetry, 

the  load  resistances  for  each  panel  for  the  conditions  of  open  ciz^suit,  short 

I  circuit,  and  maximum  power  transfer  have  been  indicated.  Resistance  ^  and  R2 

in  the  table  represent  in  summation  the  total  recomnended  resistance  for  the 
external  load,  while  R2  represents  that  portion  of  the  total  resistance  across 
which  the  voltage  measuring  equipment  would  be  connected.  Following  the  earlier 
indications  from  the  vehicle  contractor,  the  resistances  have  been  so  selected 
as  to  give  readily  measurable  voltage  drops  at  the  meter.  For  short  circuit 
conditions  the  resistance  has  been  calculated  to  provide  an  arbitrary  expected 
voltage  reading  of  1  volt.  As  can  be  seen  from  Figures  1,  2,  3,  and  U,  this 
will  produce  a  slight  error  in  the  calculated  value  of  the  short  circuit  current 
due  to  the  lack  of  rectangularity  of  the  I-V  characteristic.  The  value  of  R^ 
is  zero  for  both  short  circuit  and  maximum  power  conditions  for  all  U  panels. 

For  open  cizxuit  conditions  the  voltage  has  been  divided  so  that  the  capacity 
of  the  meter  will  not  be  exceeded.  In  so  doing  an  allowance  has  been  made 

I  for  a  safety  factor  of  about  10>E  of  full  scale.  Just  in  case  the  cells  should 

perfom  much  better  than  expected. 
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Th*r«  is  ona  souroa  of  constant  arror  In  all  of  tha  abova  oaloulations 
and  in  tha  I>7  oharaotariatlo  and  taoparatura  parfonnanca  ourras.  This  is  tha 
rasistane*.  of  tha  lead  viras.  Each  array  of  aaob  panal  has  2  lead  wires  of 
28  gaga  polyolefin  insulated  wires,  as  spaoified.  Each  of  these  leads  is  21^" 
long.  The  naasuranants  of  ou^ut  of  these  arrays  and  panels  ha/e  been  made 
utilialng  tha  leads,  but  without  making  any  allowance  for  the  resistance  of 
the  leads.  Tha  rasistanoa  of  tha  leads  as  they  were  oozmeotad  for  test  pui^oses 
totalled  0.U6  ohms.  Thus  tha  actual  output  of  the  panels  must  in  each  case 
be  slii^tly  batter  than  indicated  by  the  curves  presented  here.  Uhen  tha 
arrays  are  actually  mounted  on  the  orbital  test  boom,  a  measure  must  be  made 
of  tha  total  length  of  tha  leads  that  are  in  the  series  connection  so  that 
allowance  can  be  made  for  the  effect  of  the  leads  in  interpreting  the  tele¬ 
metered  data. 

Figure  11  is  a  plot  of  the  data  obtained  by  varying  tha  angle  of  incidence 
of  a  6"  X  6"  array  (No.  335MN)  in  sunlight.  The  array  output  was  measured  at 
10  degree  intervals  from  0°  to  90*^.  The  array  efficiency  obtained  normal  to 
the  sun  was  multiplied  by  the  cosine  of  each  angle  and  the  resultant  values 
are  also  plotted  in  Figure  11.  It  can  be  readily  seen  that  the  array  efficiency 
follows  the  cosine  law. 

Vibration  Testa 


Additional  vibration  tests  were  performed  during  this  report  period,  namely, 
sinusoidal  and  random  or  white  noise.  As  in  the  previous  tests,  no  appreciable 
damage  effects  were  noted. 

The  sinusoidal  vibration  test  consists  of  applying  to  each  of  Ihree  mutually 
perpendlcualr  axes  the  following:  $-lU  cps,  0.5  in.  double  anq>litude:  Ih-lzOcps., 
5g;  ItO-UOO  cps,  7.5gj  hOO-3000  cps,  l5gj  at  a  constant  rate  in  a  single  sweep 
in  not  less  than  25  minutes.  The  test  was  performed  at  Lear-Siegler  Corporation, 
Cleveland,  Ohio,  requiring,  as  in  the  previous  acceleration  and  shock  tests,  the 
transportation  of  test  equipment  for  the  measurement  of  cell  output.  The  test 
equipment  has  been  previously  reported(l) ,  Measurements  were  made  before  and  after 
each  vibration  test  performed  in  each  direction.  No  visual  damage  was  noted  at 
any  time  during  the  test  and  from  the  I-V  data  in  Table  III  and  plotted  in  Figures 
12a,  b,  and  c,  it  can  be  seen  that  no  real  change  in  array  output  took  place.  The 
test  array  No.  289MN,  was  the  same  one  used  for  the  acceleration  and  shock  tests. 

The  final  phase  of  the  vibration  test  was  conducted  on  the  same  array  as 
on  the  preceeding  tests  i.e.  No.  289MN  and  consisted  of  applying  to  each  of 
the  three  mutually  perpendlcualr  axes  vibrations  of  .05  g^  per  cycle  per  second 
from  15-2000  cps,  for  5  minutes  each.  The  test  was  performed  at  the  Thonpson- 
Rano-Wooldrige,  Rocky  Mount,  Virginia,  testing  laboratozy.  During  this  vibra¬ 
tion  materials  was  made  and  \;pon  return  to  the  Harshaw  Laboratory,  the  array 
output  was  measured.  No  significant  difference  can  be  noted  in  the  data  in 
Table  IV  on  the  I-V  curves  plotted  in  Figure  13. 


16 


of  laeldene* 


TABLE  III 


SINUSOIDAL  VIBRATIOM  TEST  DATA 


Load 

Resistance 

Time  of  Test  in  Ohms  Voltage 


Array  No. 289MN 


Harshaw  Chemical 
Solid  State  Lab. 


AjCter  Vibration 
in  X-X  axis 


After  Vibration 
in  Y-I  axis 


After  Vibration 
in  Z-Z  axis 


2.1 

8.2 

1.83 

5.0 

1.U7 

3.0 

.97 

l.ii 

.U9 

2.1 

8.2 

1.80 

5.0 

1.U6 

3.0 

.96 

l.U 

.50 

2.1 

8.2 

1.80 

5.0 

1.U3 

3.0 

.93 

i.U 

.U7 

2.15 

8.2 

1.81 

5.0 

1.U6 

3.0 

.97 

I.U 

.U9 

Current 
in  ma 


0 

223 

29U 

32U 

350 


0 

220 

292 

320 

357 


0 

220 

286 

310 

336 


0 

221 

292 

323 

350 
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I-V  Curve 

Before 
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Vibration 

Test  (high 

frequency) 


Figure  12b 
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TABLE  IV 


RAMDOM  VIBRATION  TEST  DATA 


Array  No.  289MN 


Time  of  Test 

Load 

Resistance 
in  Ohms 

Current 

Voltage  in  ma 

Before  Random 

2.15 

0 

Noise  Test 

8.2 

1.81 

221 

5.0 

1.1*6 

292 

3.0 

.97 

323 

l.li 

.1*9 

350 

After  Random 

2.1 

0 

Noise  Test 

8.2 

1.75 

211* 

5.0 

1.1*5 

290 

3.0 

.97 

321* 

1.1* 

.1*9 

350 

.s  of  these  data  reported  hem  and 

in  the 

first  quarterly 

tha  panels  aj^  expected  to  perform  satisfactorily  during  the  orbital  ejqperiment. 


Call  and  Array  Constraotlon 

Encapsulating  Materials 

The  selection  of  the  best  materials  for  the  enc^sulation  of  the  CdS  solar 
cells  was  someidiat  difficult  due  to  the  great  lack  of  agreement  concerning  the 
performance  of  the  plastic  film  materials  in  space. 

Originally,  N/lar  was  chosen  because  of  its  strength,  clarity,  and  radiation 
resistance,  but  later  information  indicated  a  darkening  by  ultraviolet  radiation 
in  space  after  a  short  period  of  exposure.  It  was  learned  that  Ifylar  could  be 
obtained  with  a  coating  on  one  side  that  was  capable  of  absorbing  ultraviolet. 

This  material  was  obtained  and  attempts  were  made  to  laminate  it  to  the  cells 
but  with  no  success.  It  was  necessary  to  develop  process  modifications  to 
enable  its  use.  This  was  acconplished  in  sufficient  time  to  permit  its  use 
for  all  but  two  of  the  twelve  arrays  needed  for  tne  four  orb5  tal  panels . 

As  mentioned  in  the  last  quarterly  report^^^,  polypropylene  bi-axially 
oriented  film  has  been  reported  to  remain  essentially  clear  under  space  conditions, 
but  all  attempts  to  laminate  the  thin  film  CdS  solar  cells  with  this  material 
have  been  negative. 

Other  materials  are  also  being  investigated  in  an  attempt  to  circumvent 
this  difficulty.  One  such  material  is  called  Phenoxy-8,  idiich  r^ortedly  can 
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in  oonjunotlon  with  other  plastics.  It  was 
felt  that  this  material  could  serve  as  the  encapsulating  or  outer  plastic  and 
as  the  adhesive  needed  to  hold  the  collector  grid  In  place.  Unfortunately, 
satisfactory  plastic  bonding  Is  acoonpllshed  at  180^  which  Is  20*^  less  than 
that  required  for  orbital  use.  Higher  laminating  temperatures  cause  the  film 
to  become  cloudy  as  in  the  case  of  polypropylene.  Some  success  was  achieved, 
however,  when  the  Fhenoxy-8  was  used  with  Mylar  as  a  substitute  for  the  Capran 
layer.  The  bopd  and  clarity  appeared  to  be  equivalent  In  all  respects  to  that 
obtained  with  Capran.  Attenpts  to  laminate  Fhenoxy-8  with  polypropylene  In  a 
similar  manner  resulted  In  poor  bonding  and  cloudy  films. 

Sanples  of  Mylar  with  an  adhesive  (QT  300)  layer  have  been  obtained  from 
the  G.  T.  Schjeldahl  Conpany  and  are  being  tested.  Successful  lamln'lljnw  of 
Mylar  to  Mylar  using  this  material  were  made  at  65*^  less  than  that  required 
for  Mylar-C^ran-Mylar  laminations.  This  adhesive  and  others  shall  be  used  In 
experiments  with  polypropylene.  The  OT  300  adhesive  Is  claimed  to  be  unaffected 
by  U7  or  other  radiations.  Success  In  this  area  will  probably  result  In  some¬ 
what  lighter  package.  In  addition  to  an  Increased  space  life. 

At  the  request  of  the  contract  monitor,  a  special  cell  capable  of  with¬ 
standing  any  type  of  weather  condition  was  to  be  made  In  which  weight  and 
flexibility  were  not  of  major  consideration.  The  ctiJ.  shall  be  used  In  an 
experiment  coaparlng  the  cell  output  on  the  surface  of  the  earth  with  the  out¬ 
put  at  a  high  altitude.  The  cell  designed  for  this  purpose,  1  Inch  x  1  Inch, 
was  encipsulated  In  the  iregular  Myler-Capran  envelope,  which  In  tura  was  cemented 
between  two  \  Inch  thick  sheets  of  Luclte.  Two  terminals  werm  also  sandwiched 
in  between  the  Luclte  layers  such  that  they  partially  protruded  at  the  side. 

The  data  obtained  on  this  unit  taken  In  collimated  sunlight  and  under  equivalent 
ter*r*es1rlal  tungsten  light  and  Is  given  In  Table  V. 


TABLE  V 

DATA  ON  LUCIIE  ENCAPSUUTED  CELL 


Cell  No.  %  Efficiency-Tungsten-  %  Efficiency-Sunlight* 

387  MNL  3.5  3.6 


*  0 

Sunlight  at  time  of  measurement  was  7h.S  m/cmr.  Value  reported  was  adjusted 

to  100  mw/cm^. 

Pilot  Line 

Continued  operation  of  the  pilot  line  produced  1x12  various  sized  cells. 

Of  this  amount  many  were  subsequently  laminated  for  life  tests,  orbital  evalu¬ 
ation  tests,  radiation  sanples  and  various  mechanical  tests.  A  table  of  values 
is  Included,  listing  both  cells  and  laminated  arrays.  The  table  shows  that  the 
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aTvrag*  oidl  •ffioianoy  hu  dropped  end  that  the  aertep  rate  Ixwreased  ooneider- 
ablj.  Daring  this  period  oonalderable  dlffloultgr  has  occurred  In  eri^oratlon 
due  to  poor  thermocouple  readings  In  barrier  plating  due  to  a  faulty  plating 
supply,  and  insofflolent  zdnslng  because  of  contaminated  rinse  water.  A  closer 
oontnl  of  rarlables  will  be  maintained  in  an  effort  to  raise  the  efficiency 
level  of  the  cells  to  where  they  were  previously. 


TABU  Vi 

CELL  AMD  AHRAI  DATA 


ORTT-S 

No.  of 
ceils 

Siae 

ocv 

Bffioienoy 

Min  Max  Avg  Scrap 

295 

1"  X  3" 

.U95 

1.0 

3.3  2.00  87 

117 

3"  X  3" 

.1*97 

1.0 

2.8  1.97  37 

AHRAIS 

No.  of 
Arrays 

Site 

Oeaeriotion 

Maw-  Max  Avg. 

7 

1"  X  3" 

Life  tests 

2.6  3.U  3.1 

15 

6"  X  6" 

Orbital  evaluation 

1.5  3.1  2.U 

3 

1»  X  1« 

Lucite 

2.8  3.7  3.2 

3 

I"  X  1" 

Lttcite 

Mechanical  saiqples 

2h 

lorn  X  lom 

Radiation  saiqples 

■  .li  3.3  2.1 

19 

Hiso.  sixes 

Mechanical  saiqples 

Cell  Contacting  ^ 

Although  the  present  teohnlq:ae  for  the  lamination  of  CdS  film  cells  enjoys 
a  fair  degree  of  standardisation  and  r^nrodneiblllty  efforts  are  continuing  to 
find  an  iaproved  and  a  more  eoonomioal  collector  grid.  The  grids  presently  used 
are  directly  responsible  for  increased  collector  efficiency  and  an  increase  in 
energy  conversion  efficiency.  However,  Other  materials  may  possibly  operate  as 
well  and  may  be  more  eoonomioal. 

We  are  presently  etigaged  in  evaluation  experiments  for  the  materials  that 
are  available.  Using  the  pressure  test  tttdt  reported  earlier,  gold  and  sUver 
grids  ^)pear  to  be  essentially  equivalent  and  superior  to  nickel  and  copper 
collector  grids. 

In  another  test,  four  3”  x  3"  cells  were  contacted,  one  half  at  a  time, 
first  with  gold  and  then  with  silver  in  the  pressure  test  unit.  Again  very 
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littls  dlffttreno*  ma  noted.  However,  on  l«Rinetion  of  tnese  oelle  the  gold 
hes  ahown  ebsat  e  20){  Ingirovanant  over  the  ailTtir.  The  ntxmber  of,  aasfilea  wea 
too  amall  to  permit  a  definite  ccncloaiotn  to  be  reached. 

Another  teat  waa  made  uaing  a  3"  x  3"  coll  that  had  a  unifoim  effiolenc7 
over  ita  antire  aurfaoe.  Thia  waa  laminated  with  ailver,  gold,  nickel, 
and  copper  with  each  grid  covering  aqpprexlmateljfi^ene-fottrth  of  the  barrier 
area.  The  reanlta  of  thia  teat  haa  ahown  that  nickel  ia  superior  to  copper 
and  silver  and  is  nearly  as  effective  aa  gold.  The  data  are  given  in  Table  vn. 


TABLE  VII 

EFFECTIVENESS  OF  QRED  MATERIAI5 


Qrid  l^e 

!2£ 

bi 

Power 

Area 

Eff. 

Copper 

o.UiV 

85ma 

19.10fflw 

10.85cm^ 

1.76^ 

Silver 

O.U57 

60ma 

20.96mw 

11.12cm^ 

1.89ie 

Nickel 

O.liTV 

83na 

21.80mw 

10 . 85cm^ 

2.01i« 

Gold 

o.UliV 

90ma 

23.76mw 

11.12en2 

2.12% 

This  indicates  that  it  may  be  possible  to  collect  the  current  effectively 
with  a  more  economical  material  than  the  silver  or  gold.  Many  pos8ibilit.ie8 
exil^t  lA  thia  area. 

Cell  Stability 

The  stability  of  the  CdS  thin  film  cell  and  its  package  In  both  terrestial 
and  extraterrestial  environments  are  of  great  inportance.  As  mentioned  in  the 
orbital  evaluation  section  of  this  report,  attention  was  focused  on  the  encap¬ 
sulating  plastics  used  for  the  panels,  since  any  damage  suffered  by  the  plastic 
could  result  in  a  loss  of  power  or  couplets  failure.  This  was  discussed  in  that 
section  and  no  further  mention  will  be  made  here. 

Several  small  sanples  were  sent  to  the  Naval  Research  Canter  for  electron 
and  proton  damage,  but  official  results  have  not  been  received  as  of  tne  writing 
of  this  report.  A  verbal  report  indicated  that  the  CdS  cells  suffered  very 
little  damage  and  that  this  damage  nay  have  been  the  plastic  rather  than  the 
CdS  itself.  A  report  on  radiation  damage,  no  doubt,  will  be  available  for  the 
next  quarterly  report. 

Other  Methods  of  Film  Formation 

The  investigation  of  methods  other  than  evaporation  for  the  formation  of 
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tMn  nia0  of  CdS  has  bs«n  dlrsetsd  toward  alectrt^horetle  d^>o8ltion  and  the 
Bubsaqoant  seed  for  the  slateriag  or  reerystallisatLon  of  the  d^osita.  The 
dapositlm  takes  place  In  an  eleotrolytie  cell  filled  with  an  organic  liquid 
that  will  nalntain  a  suspension  of  colloidal  CdS  powder.  Holjrbdenun  electrodes 
are  used  since  it  is  desired  to  use  this  netsl  as  a  substrate. 

Attespts  to  font  a  CdS  filn  suitable  for  photovoltaic  use  has  followed  a 
three  step  pattern.  First  Is  the  preparation  of  the  suspensions,  second,  the 
deposition  of  the  CdS,  and  third,  the  subsequent  treatment  of  the  deposit. 

In  order  to  obtain  a  satisfactory  colloidal  suspension  it  has  been  found 
necessary  to  pulverise  the  CdS  powder.  This  has  been  accomplished  by  ball 
milling  and  by  ultrasonic  vibration.  The  latter  method  iq>pear8  to  be  the 
better  because  of  ease  of  use  and  convenience,  and  It  apparently  produces  a 
finer  particle  slae  In  far  less  tine.  The  procedure  followed  throughout  tne 
experlsMnts  listed  in  Table  VIII  was  as  follows:  One  gram  of  CdS  powder  per 
100  al  of  Isopropyl  Alcohol  was  mixed  together  and  subjected  to  ultrasonic 
vibrations  for  about  15  minutes.  During  the  pulverisation,  an  additive,  usually 
a  wetting  agent,  was  placed  in  the  solution  to  insure  thorough  mixi  ng  in  the 
suspension.  The  particle  sise  of  the  suspensoid  was  not  measured. 

The  equipment  used  for  deposition  includes  a  variable'  d-c  power  siqiply 
with  a  capacity  of  460  volts  and  .5  aapere,  and  a  beaker  fitted  with  a  cover 
with  attached  molybdenum  electrodes  spaced  about  1  1/8"  apart.  Operation 
consisted  merely  of  transferring  the  suspension  media  to  the  beaker,  inserting 
the  electrodes  and  tnen  applying  the  required  voltage.  Only  four  substances 
were  tried  as  the  suspension  media.  Undoubtedly,  more  could  have  been  tried, 
but  the  good  results  of  the  Ispropyl  Alcohol  did  not  seen  to  justify  further 
investigation  at  this  time.  Preliminary  tests  also  showed  that  satisfactoiy 
deposits  were  unobtainable  at  the  voltage  level  available  unless  an  additive 
was  used.  The  experiments  listed  in  Table  Till  show  the  effect  of  additives, 
voltage,  and  time  ipon  the  film  formation.  Not  all  of  the  experiments  aire 
listed. 

The  deposits  as  formed,  varied  in  thickness,  density,  texture,  and  even- 
ess,  but  one  thing  in  comnon  with  all  of  the  deposits  was  their  adherence  to 
the  substrates.  Flexing  of  the  substrates  does  not  loosen  the  film  layers, 
but  in  all  cases  they  could  very  easily  be  wiped  off.  Heat  treatment  of  the 
films  in  attenpts  to  increase  adhesion  to  the  substrates,  cause  recrystalliz¬ 
ation  and  conversion  to  suitable  photovoltaic  films  was  unsuccessful.  Table 
IX  lists  the  experiments  performed  for  that  purpose. 

The  adhesion  to  the  substrate  did  inprove  considerably,  but  no  evidence 
of  film  crystallization  was  evident.  The  only  crystallization  that  did  occur 
was  on  a  control  sanple  of  a  previously  evaporated  film  deposit  on  which  single 
crystals  were  observed  to  form.  It  is  possible  that  these  particles  are  not 
properly  oriented  or  that  the  necessary  ten^jerature  and  atmosphere  have  not 
been  found  for  recrystallization. 
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tABLB  Vni 


ELECTROPHORETIC  IMlPOSmON  DAPl 


Additive 

Voltase 

Time 

1.  Dural 

U60  V. 

5  min, 

2.  Dural 

U60  V. 

5  min. 

3.  Dural 

Ii60  V. 

5  min, 

U.  Cornstarch 

U50  V. 

5  min. 

5.  Ultrawet  «E" 

hSO  V. 

25  min. 

6.  Dural 

U5t)  V. 

1  min, 

100  V. 

9  min. 

7.  Dural 

U5o  V. 

2  min, 

150  V. 

3  min. 

«8.  Cornstarch 

U50  V. 

10  min, 

Dural 

U5o  V. 

10  min. 

MdO.  Cornstarch 

1450  V. 

10  min. 

•*11.  Dural 

1:50  V. 

10  min, 

12.  Ammonium 

Hydroxide 

U5o  V. 

10  min, 

13.  Sodium 

Hydroxide 

1450  V. 

10  min. 

lU.  Sodium 

Hydroxide  + 

Dural 

1450  V. 

10  min. 

15.  "Vrisk" 

1450  V. 

2  min. 

150  V. 

2  min 

16.  "Vriak" 

300  V. 

1  min, 

100  V. 

3  min. 

17.  "Wisk" 

250  Y. 

30  sec 

75  V. 

U  min. 

18.  "¥isk» 

300  V. 

2  min, 

19.  "Wlsk"  concent. 

300  V. 

2  min. 

20.  "Wlsk"  concent. 

200  V. 

2  min. 

Rgroarka 

Thin  uneven  deposit-considerable  bubbling 

Heavy-falrly  even  deposit 

Thin  uneven-heavy  at  edges 

Traces  of  deposit 

Thin-uneven  deposits 

Smooth-falrly  even 

Smooth-even  deposit 

Unsatisfactory  deposit 
Unsatisfactory  deposit 
No  deposit 
No  deposit 

No  deposit 

No  deposit 


No  deposit 
Even-coarse  deposit 

Even-less  coarse 

Thin  porous 

Smooth-even  deposit 
Smooth-even  deposit 
Smooth-even  deposit 


Note: 


1.  The  suspension  media  In  all  cases  except  where  noted  was  Isopropyl 
Alcohol. 

2.  The  substrate  or  electrode  was  molybdenum. 

3.  The  distance  between  electrodes  remained  at  about  1  1/8"  for  all 
tests. 

*  Acetone  as  suspension  medium. 

**  Methanol  as  suspension  medium. 
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TABLE  U 


HEAT  TREATMENT  OF  ELECTROPHOREnC  DEPOSITS 


HBATINQ  CONDITIONS 

Tine 

Atmosphere 

Deposited  film  heated  under 
bunsan  burner 

550®C. 

1  hr. 

Argon 

900“C. 

16  hr. 

Argon 

75b®c. 

16  hr. 

Argon 

550°C. 

U  hr. 

Argon 

18  hr. 

Argon 

REMARKS 


Foraed  CdO  and  Molybdan»(te>^xlde. 


3-DeposLted  substrates 

1- Evi^orated  substrate 

No  evidence  of  the  formation 
of  crystallites  on  either  type. 

Sane  as  #2  except  practically 
everything  evaporated  leaving 
moly  oxide  substrates. 

Same  result  as  #3. 

2- Evaporated  substrates-one 
coated  with  silver  as  activator. 
2-Deposited  substrates-sin^e 
crystals  formed  on  evaporated 
substrate  coated  with  silver. 

-D^osited  substrates  only 
No  evidence  of  crystallization. 
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PART  II  -  MATERIALS  RESEARCH 


Purification  of  Cadmium  Sulflda 

Slnoa  purification  of  CdS  Itself  Is  difficult,  it  was  decided  to  form 
the  sulfide  from  very  high  purity  eacknlum  and  sulfur.  Cadmium,  although 
available  in  a  state  of  fairly  high  purity,  (99.9999^)  may  well  be  further 
purified  by  vacuum  distillation  and  zone  refining.  Any  H2S  needed  for  this 
effort  co\ild  be  purified  by  passing  through  a  purification  train.  Distilla¬ 
tion  of  the  cadmium  under  vacuum  should  remove  traces  of  Impurities,  mostly 
copper  and  magnesiiim  that  are  not  easily  removed  by  zone  refining. 

A  quartz  still  has  been  constructed  for  this  purpose,  and  is  in  the  form 
of  an  Inverted  U  with  a  flask  on  one  end  that  serves  as  a  melting  chamber  for 
the  cadmium  rods.  During  operation  It  Is  Intended  that  the  liquid  Cd  be  forced 
up  by  atmospheric  pressure  Into  another  flask  idilch  has  been  heated  a  man¬ 
tle  to  about  390°C.  The  vapor  pressure  above  the  cadmium  at  this  point  should 
be  about  1  mm  Hg,  the  cadmium  vapor  should  distill  over  to  the  other  side  of 
the  U  where  it  will  condense  and  slcwly  run  down  to  a  receiving  flask  on  the 
bottom.  From  this  it  will  drain  out  to  a  tube  or  boat.  An  oven  to  accomodate 
this  still  is  now  under  construction.  The  oven  is  designed  to  hold  at  3^0*^ 
(m.p.  of  cadmium  is  320°C)  and  will  be  flushed  by  nitrogen  to  exclude  oxygen. 

The  techniques  of  further  zone  refining  cadmium  are  being  developed.  For 
this  purpose  cadtalum  is  held  in  a  quartz  boat  which  Is  in  turn  placed  in  a 
vycor  tube.  The  molten  zone  is  produced  by  3  turns  of  Tophet  C  metal  alloy 
wrapped  around  the  vycor  tube.  This  in  turn,  has  an  aluminum  radiation  shield 
around  it  to  reflect  the  heat.  The  power  is  provided  by  a  transformer. 

Initially  the  zone  refining  was  done  under  argon  which,  however,  was  found 
to  contain  a  small  amount  of  O2  or  H2O,  thus  causing  the  cacknium  to  ^  oxidized. 
Hydrogen  was  tried,  but  unfoi*tunately,  it  also  contained  O2  or  HpO  which  caused 
a  film  of  oxide  to  form  on  top  of  the  bar.  This  film  was  removed  during  the 
passage  of  the  molten  zone,  but  formed  again  on  the  cool  portion  of  the  cadmium. 
A  dry  ice  trap  was  ineffective  in  removing  the  water  from  the  H2.  Drying  with 

or  Deoxo  units  will  be  tried  next. 

A  bar  of  reagent  grade  cadmium  that  was  zone  refined  with  U  passes  showed 
the  shalysis  given  In  Table  X.  Thus  zone  refining  appeared  effective  in  re¬ 
moving  most  of  the  impurities  from  the  Cadmium.  Some  aluminum  and  calcium 
contamination  was  introduced  apparently  from  the  quartz  boat, 

A  train  for  the  purification  of  H2S  which  was  used  previously  in  the 
preparation  of  CdS  will  be  used  again  in  subsequent  expeidments. 

When  the  purified  cadmium  and  H2S  are  prepared,  they  will  be  reacted  in 
a  quartz  tube  at  about  1250°C  in  an  attempt  to  form  CdS  crystals.  Since  CdS 
crystals  are  grown  at  this  temperature  frcm  sintered  stock,  it  was  deemed 
advisable  to  analyze,  by  mass  spectrographic  procedures,  the  seed  pile  rnd 
crystal  product  in  an  attempt  to  determine  the  impurities  that  pass  over  with 
the  CdS.  Four  samples  were  selected  as  representing  typical  production. 
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TABLE  X 


ZONE  REnHED  OP  AMALTSIS 


Element 

Original 

Front 

Middle 

Last 

A1 

Ft+ 

T- 

T+ 

W- 

Sb 

Ft+ 

Bi 

VFT 

VFT- 

VFT-*- 

Ca 

FT 

FT+ 

T 

T-*- 

Cu 

T- 

FT 

FT+ 

T 

Qa 

VPT+ 

VFT- 

VPT+ 

VFT 

Pe 

FT 

FT 

FT-* 

FT•^ 

Pb 

FT+ 

FT- 

FT 

W-f 

Mg 

FT 

FT+ 

T-*- 

T 

Nn 

VFT- 

VFT- 

VFT 

VFT-*- 

Ml 

VFT 

VFT- 

VPT 

FT- 

Si 

T- 

T 

W- 

W 

Ag 

FT- 

FT 

FT 

FT- 

Na 

T 

T 

Su 

Vft 

Ti 

VFT+ 

FT- 

FT 

FT-*- 

The  procedure  In  making  the  samples  was  to  heat  sintered  CdS  placed  In 
the  middle  of  the  mulllte  tube.  The  CdS  sublimed  and  condensed  at  the  ends 
of  the  tube.  San9)le  O-llii  P  was  made  from  G.  B.  Luminescent  Grade  CdS,  Lot 
No.  5U<  It  was  heated  100  hours  at  1270°C.  The  primary  crystal  was  ll^t 
amber,  clean,  excellent  clarity,  with  a  few  fractures  in  the  bottom.  Its 
rating  was  L-0-0.  No  dopant  was  used.  Sample  1-116  P  was  made  from  sintered 
Q.  E.  luminescent  grade  CdS,  Lot  No.  126.  0.03$  Indium  as  InClo  was  added 

as  a  dopant.  It  was  heated  at  1280%.  The  primary  crystal  was  oaiic  amber 
and  had  7  fractures.  Sanq)le  OS-99  P  was  made  from  sintered  CdS,  G.  E. 
luminescent  grade.  Lot  No.  5U.  It  was  heated  96  hours  at  1250°C.  There  was 
no  dopant  but  the  crystals  grew  under  a  stream  of  H2S.  The  primary  crystal 
was  light  amber  and  clear.  Sanqjle  OS-Ill  RF  is  a  s^le  of  the  residual  feed- 
pile.  G.  E.  luminescent  grade  CdS,  Lot  No.  126  was  used  in  this  run.  It  was 
heated  l50  hours  at  1250%.  under  H2S.  No  dopant  was  used. 

The  first  2  sanples  were  made  under  argon,  the  last  2  under  H-S.  It  may 
be  that  the  H2S  helps  impurities  pass  over  from  the  feed  pile  to  tne  growing 
crystals.  However,  the  amounts  of  Ijn^uritles  are  too  high  in  any  case. 

Sodium,  potassium,  and  lithium  will  be  three  impurities  that  will  have  to  be 
removed  in  the  zone  refining  and  distillation.  Copper,  calcium,  magnesium, 
and  carbon  will  also  have  to  be  watched  closely.  Further  samples  will  be  sub¬ 
mitted  of  cadmium  before  and  after  purification,  and  of  CdS  before  sintering 
in  order  to  determine  what  Impurities  are  present  in  the  starting  material. 
These  four  samples  of  CdS  were  sent  to  the  Bell  and  Howell  Research  Center, 
Pasadena,  California,  for  mass  spectrographlc  analysis.  The  results  are 
given  in  Table  XI. 
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TABLE  XI 


HASS  SPECTROORAPHIC  AHALYSIS  OF  CRS 


Detection 

Elcunent  Llait 


In 

0.06 

Oa 

0.08 

Cu 

0.06 

Cd 

o.o5 

V 

O.OU 

Ca 

0.03 

K 

O.OU 

Cl 

O.OU 

P 

0.03 

A1 

0.06 

Mg 

0.03 

Na 

0.03 

N 

0.02 

C 

0.02 

Li 

0.02 

H 

0.010 

Total 


0-llU  P 

1-116  P 

(Argon 

(Argon 

grown) 

grown. 

Indian 

doped) 

N.D. 

35 

N.D. 

N.D. 

1.3 

2 

N.D. 

0.9 

o.S^ 

N.D. 

6 

0.7 

Uo 

U 

0.2 

N.D. 

N.D. 

N.D. 

0.1 

N.D. 

1.1 

1.3 

3U 

90 

0.03 

1.1 

U 

87 

18 

6 

0.9 

12 

106.13 

205.0 

OS -99  P 

CS-111  RF 

grown) 

(H2S  grown) 

N.D. 

N.D. 

0.5 

8 

15 

35 

6 

N.D. 

1 

N.D. 

90 

62 

300 

600 

N.D. 

3 

0.05 

N.D. 

6 

10 

5 

10 

1000 

650 

N.D. 

0.5 

7* 

550fr 

170 

1500 

0.05 

0.05 

1600.6 

3U28.55 

Impurities  are  given  in  ppm  atonic.  ND  means  not  detected.  xNot  consistent 
on  all  exposures.  Either  it  is  a  surface  contaminant  or  lies  in  isolated 
pockets.  Iiig)urlties  not  listed  are  less  than  1  ppm  except  for  0,  Fe  and  Zn, 
which  are  not  given  because  of  Cd  and  S  interference.  Concentrations  are 
corrected  for  the  mass  dependency  of  the  photographic  plate. 


Film  Structure  Studies 


Earlier  work  on  the  formations  of  carriers  on  CdS  grains  growth  films 
has  indicated  a  difference  in  the  darkening  of  different  grains.  This,  com¬ 
bined  with  the  observed  correlation  of  darkening  vs.  photovoltaic  efficiency 
vs  crystal  orientation  on  single  crystal  cells,  has  led  to  a  program  of 
grain  growth  improvement,  grain  orientation  studies,  and  crystal  surface 
studies.  The  grain  growth  Ijiqjrovement  work  has  been  Involved  with  (a)  develop¬ 
ing  techniques  for  the  growth  of  grains,  and  (b)  uncovering  those  parameters 
that  affect  the  growth  of  grains.  The  grain  orientation  studies  have  involved 
the  development  and/or  employment  of  tools  and  techniques  by  which  grain 
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orientation  can  be  determined.  The  oiyatal  surface  studies  have  dealt  with 
the  problem  of  determining  the  condition  of  CdS  surfaces  In  various  envlronaents. 

The  teohaiq>ies  ly  which  grain  growth  have  been  atten^ted  up  until  this 
report  period  Include  (a)  a  fast  heat  treatment  In  an  open  atmosphere  using 
a  banaen  burner  flame  as  the  'seat  souroe,  (b)  the  heating  of  fllM  in  atmoS'- 
pheres  and  under  vacuum  by  the  passing  of  current  throucdi  the  molybdenum 
substrates,  and  (o)  the  anzieallng  of  films  In  a  hl^  vacuum  using  a  heating 
tape  or  wire  ribbon  as  the  heat  source.  The  best  grain  growth,  1.  e.  the 
films  on  which  the  largest  grains  have  been  observed,  has  occurred  on  films 
annealed  bgr  the  method  mentioned  under  (c)  above.  The  growth  of  grains  by 
this  method  has,  however,  varied  eonslderably  In  quality  and  reproducibility 
has  not  as  yet  been  obtained.  Method  (a)  provides  the  most  reproducible 
results.  AtteBq)ts  to  grow  grains  durli^  this  report  pe^d  by  tlie  heating 
of  films  sealed  In  quartz  tubes  under  hl^  vacuum  (^10*'°mm  Hg)  has  not 
resulted  In  any  Improvement.  Control  of  the  temperature  of  the  neatlng  source 
has  been  difficult  and  the  procedure  of  sealing  quartz  tubes  has  been 
both  expensive  and  time  oonsumlng.  Six  growtli  e]q>erlments  were  performed 
In  this  manner  with  no  notice  of  Improvement  of  grain  growth.  Further  growth 
esqMrlments  have  been  made  using  a  ehrcnel  heating  strip  wrapped  around  an 
open  ended  quarts  tube.  The  heating  strip,  in  this  case,  was  placed  inside 
an  evaporator  so  that  the  experiments  could  be  performed  under  vacuum  condi¬ 
tions.  Twelve  runs  have  been  made.  Short  rtins  at  high  tenqMratures  have 
resulted  In  the  evaporation  of  excessive  amounts  of  CdS.  Longer  runs  at  low 
taaqteratures  nvealed  no  observable  grain  growth  even  under  high  mloroseople 
examination.  Intermediate  temperature  runs  for  short  time  periods  have  revealed 
some  growth  but  the  quality  of  the  growth  is  rather  poor.  Longer  runs  have 
not  been  undertaken  due  to  excessive  heating  of  the  bell  Jar  of  the  evapora¬ 
tor.  Heat  shields  have  been  made  and  are  presently  being  assembled  in  the 
evaporator.  Long  runs  at  Intermediate  ten^rabures  are  planned. 

e 

From  a  more  basic  point  of  view  an  understanding  of  the  influence  of 
deliberately  applied  stresses  to  the  films  before  annealing,  of  impurity 
additions  on  the  Interfaclal  surface  energies,  and  of  dislocation  content 
on  the  mobility  of  Interfaces  Is  deemed  necessary  If  grains  of  larger  size 
are  to  be  grown.  Atten^ts  will  be  made  to  Initiate  such  a  program  when  e3q>erl- 
mental  techniques  are  refined  enough  to  guarantee  some  sort  of  a  reproducible 
starting  point  for  such  a  study. 

Crystal  orientation  studies  are  being  employed  using  x-ray  pole  figure 
analysis,  electron  microscope  studies,  and  ll^t-flgure  studies.  The  pole 
figure  analysis  was  car]:*led  out  by  the  Analytical  Section  of  the  Harshaw 
Chemical  Conqjany  while  certain  light-figure  studies  of  single  crystals  have 
been  made  in  this  laboratory.  A  microscope  light  figure  is  also  being  con¬ 
structed  to  determine  grain  orientation  on  grain  growth  films.  The  results 
are  discussed  in  the  following  section.  The  electron  microscope  studies  are 
also  being  performed  by  the  Analytical  Section. 

An  attenpt  was  made  to  obtain  a  tranamlaslori  eleetronlorograph  of  a 
grain  growth  sanq)le  but  the  sample  evaporated.  Leaks  In  the  equipment  have 
postponed  farther  work.  Graphite  replicas  have  been  prepared  and  electro- 
micrographs  will  be  made  of  grain  growth  samples  when  the  equli»ient  Is  reassembled. 
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The  lli^t  figure  etudlee  have  been  aimed  at  the  develqpnent  of  a  teohnl- 
qua  bgr  vhloh  grain  orientation  can  be  uniquely  determined.  In  order  to  develop 
eteh  pit  ehqpee  that  are  unique  to  apeolfio  planes  many  different  etchants 
have  been  used.  A  few  of  these  have  bean  reported  in  previous  reports.  Table  XII 
gives  a  list  of  other  etchants  that  have  bean  tried  and  conclusions  regarding 
the  results.  The  vacuum  etchant  gives  an  Indication  of  being  the  most  uselhl 
etehants  for  determining  grain  orientation.  Orientation  studies  of  grains  on 
films  annealed  in  a  vacuum  will  be  made  using  the  microscope  Ught-flgnre  appara¬ 
tus  whan  It  becomes  available. 

Many  of  the  principles  iq}on  which  the  orientation  studies  of  CdS  crystals 
Is  based  can  be  found  In  the  published  verslcn  of  the  presentation  "Crystal 
Morphology  in  Evaporation,  Equillbrliun  and  Qrowth  in  the  Vapor  Phase."  This 
pi'esentatlon  was  given  at  "The  International  Syn^oslum  on  Condensation  and 
Evaporation  of  Solids.",  which  was  held  in  Dayton  on  September  12 -lU,  1962. 

A  copy  has  been  included  as  an  appendix.  The  kinetic  evaporation  and  conden¬ 
sation  equations  are  based  on  a  study  of  CdS.  The  polytype  studies,  referred 
to  S(  C  in  the  paper,  are  based  on  the  known  existence  of  polytyplsm  in  many 
of  the  II -VI  ooBq)ounds.  A  more  detailed  account  of  polytyplsm  as  applied  to 
II -VI  oosqponnds  Is  given  in  the  third  quarterly  report  on  Contract  AF  33(6^7)- 
7916. 


The  Importance  of  polytyplsm  In  the  study  of  II -VI  compounds  lies  In  the 
association  of  photovoltags  and  electroluminescence  with  stacking  faults  In 
crystals.  Polytyplsm,  in  turn,  results,  from  the  systematic  Introduction  of 
staddng  faults  in  a  basic  sphalerite  type  lattice,  by  twinning  parallel  to 
a  single  [lll3  direction.  This  association  deserves  special  attmtlon  from 
a  device  design  stand  point  since  It  Is  conceivable  that  through  a  deliberate 
introduction  of  stacking  faults  Into  a  crystal  lattice  the  photovoltage  of 
that  device  can  be  controlled.  In  a  CdS  solar  cell,  for  example.  It  Is  anti¬ 
cipated  that  stacking  faults  can  be  Introduced  Into  the  lattice  by  the  addition 
of  alnc  or  telluzi.um. 

The  crystal  surface  studies  are  also  based  on  the  principles  given  In 
the  attached  paper.  The  results  of  CdS  vapor  etching  Is  Included  along  with 
that  of  other  n-VI  oooq>ound8.  Results  are  given  in  previous  reports  under 
this  contract  for  crystals  etotwd  in  various  solution  etchants.  A  eonparlson 
of  the  results  shews  a  definite  dlfferanoe  between  vapor  etched  patterns  * 
and  solution  etched  patterns  and  as  a  result,  tentative  conclusions  concerning 
the  nature  of  the  surfaces  can  be  made.  There  is  still  not  a  sufficient  amount 
of  data  to  draw  a  final  conclusion.  Further  etching  at  hl^  tenqperatures  In 
various  vapors  and  In  vacuum  are  ccmtemplated. 
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TABLE  ni 


ETCHANTS  FOR  CDS 


EohMlt 

Time 

Temperature  Results 

l-pyrldlne, 

2-HCl 

^  secs. 

R.T. 

(0001),  (lOlI)  and  zones  between  idua. 

Signs  of  (0101)  and  ^11?I).  Also,  zone 
between  (lOlO)  -  (0110)  and  (1011) -(Olil). 

l-batylvalae, 

2-iCl 

U5  min. 

R.T. 

Faint  pattgm.  (lOll).  Zone  between 
(loio)-(OlIO)  and  (lOll')-(OlII).  Incom¬ 
plete  zone  from  (lOlI)  to  (0001). 

l-tx^athylamixks 

30  min. 

R.T. 

Clear  pattern.  (0001 )  and  (lOTI).  Very 
ecnplex  pyramidal  and  prionatic  area  pattern. 

l-tetndlnetlqrlamiiiodlborate 

2-IS:i  3  min.  R.T. 

Clear  pattern.  (OOOl)  and  (lOlI).  Very 
ocnplex  pyramidal  and  prismatic  area  pattern. 

1 -amino  acid 

3 -dilute  HDl 

U  min. 

HOT 

Clear  pattern.  (OOOl)  and  (lOlI).  Very 
cc(iq)lex  pyramidal  and  prisnatlo  area  pattern. 

1 -amino  acid 

2 -HDl 

U  min. 

R.T. 

Faint  pattern.  (OO61)  and  (lOlI).  Very 
ecnplex  pyramidal  and  prismatic  area  pattern. 

«3P°U 

UO  hrs. 

R.T. 

No  Results 

H3POj^ 

5  hra. 

80°G. 

Standard  HCI  pattern  plus  prlanatic  zone. 

8  hrs. 

HOT 

Double  star  pattern  plus  px^anatlc  zone. 

l-H^SOU 

1-I^CrO^ 

8  hrs. 

R.T. 

Faint  pattern.  Standard  HCI  pattern  plus 
prismatic  zone. 

NHj^OH 

2  weeks 

R.T 

No  results 

NH]^C1 

2  weeks 

ft.T. 

No  results 

1-«CN,  I-H2O2 

2  weeks 

R.T. 

No  results 

1-KCN,  l-XOH 

2  weeks 

R.T. 

No  3res\ilte 

Vacuum 

mm  Hg) 

2  hrs. 

900°C 

Clear  double  star  etch  with  an  added 
number  of  pyramidal  planes. 
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Some  mention  ehould  be  made  of  the  poeslble  coirrelatlon  between  equlli-  , 

brium  forms  and  BrllLonin  sones.  A  great  deal  of  similarity  exists  between 
the  methods  of  oalonlatlng  and  oonstruotlng  first  nearest  neighbor  equlllbrlom  ’ 

forms  and  the  first  Bllllouln  sons.  The  calculations  for  equilibrium  foims 
Is  based  on  the  detachment  energy  of  atoms,  Ions,  molecules,  etc.  In  the  equlU-  | 

brium  position  of  crystals.  In  Brlllouln  zone  calculations  this  ooiresponds  i 

to  the  removal  (l.e.  eraporatlon)  of  the  last  electron  needed  to  fill  the 
Brlllouln  lone  (for  a  semloonduetor  l.e.  one  may  say  from  the  'Fe.ml  | 

level  to  the  bottom  of  the  conduction  band.)  Thus,  In  a  manner  analogous  to  | 

equilibrium  form  oaloulatlons,  Brlllouln  zone  calculations  might  be  possible 
by  utilizing  various  ratios  of  Ionization  energy  of  electrons  associated  with 
oatlons  and  anions.  This  raises  the  possibility  of  the  existence  of  Brlllouln 
zones  which  exhibit  polarity.  A  simple  oooe  dimensional  picture  of  this  Is  > 

given  In  Figure  lU.  It  Is  realised  that  In  this  one-dimensional  model,  a 
symmetry  center  Is  required.  It  may  not  be  true  for  the  two-or  three-dimen-  '  | 

sloaal  oases.  In  a  similar  nuumer,  Brlllouln  zones  showing  anisotropy  can  I 

be  developed  by  the  oisnslderatlon  of  varying  ratios  of  c-dlreotlonal  Ioniza¬ 
tion  energlea.  This  Is  ahcam  In  Figure  15.  In  this  case,  however.  If  both  -■ 

atoms  an  identical,  no  center  of  symmetry  Is  removed.  | 

These  considerations  may  prove  to  be  of  importance  In  matters  concerning 
the  existence  of  polytyplsm  in  CdS  or  even  of  the  existence  of  stacking  faults  j 

In  this  material.  The  explanation  of  photovoltages  associated  with  stacking  > 

faults  may  be  In  the  considerations  presented  here.  A  detailed  look  at  the 
quantum  mechanics  Involved  appears  to  be  In  order  to  prove  or  disprove  such  '| 

conoepts.  | 


^  (one -dimensional)  of  an  electron  moving  In 

a  periodic  structure  In  which  the  electron  associated  with  one  atom  of  a  eonq>ound 
semiconductor  Is  bonded  more  strcoigly  than  the  electron  associated  with  the  other 
atom.  The  model  contains  an  easy  direction  of  motion  and  a  difficult  direction 
of  motion.  In  two  dimensions,  three  easy  and  three  difficult  directions  are 
possible.  The  resultant  Brlllouln  zone  should  show  a  polarity. 
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mURE  1$ 

Tha  1  ( oxia-dinansloDJO.)  of  a  confound  stiTuetim  in 

lAleh  e-du^ilOBiilL  uaotrcns  are  \>o^ed  more  stroagly  to  tha  lattlca  than  a- 
dlraotloaal  alaotrona. 

POla  Flguraa  of  CdS  Filaa  on  CaLasa  and  MeXybdanmn 

In  eomaetlon  with  tha  praparation  of  CdS  thin  film  photovoltaic  calls, 
afforta  hava  baan  dlraetad  towarda  film  growth,  parf action,  and  thalr  relation 
to  afflolaniagr.  A  praliBinaz7  atndy  of  aaveral  features  of  thin  film  deposi¬ 
tion  was  oonsldarad  naoaasary. 

Tha  deposition  of  CdS  from  the  vapor  state  onto  a  substrate  leads  to  a 
prafarrad  orientation  of  the  orystalllna  grains,  (lanarally  It  has  baan  found 
that  (OO5C)  planes  deposit  nearly  parallel  to  tha  plana  of  tha  substrata. 
However,  the  orientation  of  (00  *X)  planes  is  not  perfect  but  assumes  a  range 
of  angles  with  respaot  to  tha  substrata  plana.  The  present  work  relates  to 
actoal  production  oalls  formed  on  glass  and  molybdenum  substrates. 

Figure  16  Is  a  pole  figure  of  (00*2)  planes  from  a  CdS  film  d^oslted 
on  a  glass  substrata,  Tha  film  was  peeled  from  the  glass  ana  examined  on 
the  substrate  side  by  reflection.  Tha  pole  figure  shows  the  most  frequent 
tilt  of  the  (00*2)  planes  to  be  at  an  angle  of  several  degrees  from  the  sub¬ 
strate  plana.  A  substantial  amount  of  tilt  appears  at  angles  as  large  as 
20*’.  manner  of  growth  may  be  similar  to  that  reported  by  Reynolds  and 

Qreene^^^,  for  type  II  crystals  of  CdS  grown  from  tne  vapor  on  a  quartz  sub¬ 
strate.  It  may  Indicate  that  the  nucleatlon  mode  Is  the  same  in  the  growth 
cf  a  single  ozystal  or  a  polycrystalllne  film.  Subsequent  growth  would  depend 
on  the  grain  Interfaolal  energies  and  could  be  very  different  In  a  single 
crystal  grain  or  an  oriented  polycrystalllne  film.  The  nearly  symmetrical 
anangcnent  of  the  pole  figure  indicates  that  similar  fractions  of  (00*2)  planes 
are  located  In  each  azimuthal  direction  In  the  plans  of  the  film.  Figure  17 
Is  a  pole  figure  from  the  opposite  side  of  the  CdS  film.  Simce  the  two  inner 
regions  are  reversed  in  intensity  and  the  figure  is  no  la8^  synsietrlcal  about 
the  substrate  normal,  the  fraction  of  (00*2)  planes  oriented  at  a  fixed  angle 
to  the  substrate  plane  has  now  changed.  The  fraction  at  a  certain  azimuth  has 
i^arently  changed  but  this  may  be  an  artifact.  Wills  these  effects  are 
difficult  to  assess  quantitatively  and  represent  only  one  ssn^ile,  they  reflect 
real  differences  between  the  two  sides  of  the  film. 
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IlgnrM  18  and  19  ar*  pola  flgnraa  for  (00*2)  planaa  of  CdS.  The  CdS 
fUjB  vaa  paalad  froa  the  molybdemn  aubatrata  aad  axealjied  on  both  aides  by 
a  rsfleetion  teehnlqpe  using  filtered  radiation.  The  aide  of  the  CdS  close 
to  the  sabstrate«  Figure  18,  shoaed  almost  aymnetnoal  arrangement  of  (00*2) 
poles  about  the  normal  to  the  substrate.  The  intensity  data  shows  that  the 
aajorltgr  of  planes  of  type  (OO.A)  are  parallel  to  the  substrate  althou^ 
sons  are  agdn  tilted  up  to  ang^s  of  The  side  of  the  CdS  away  from  the 
substrate.  Figure  19,  showed  a  notioeable  different  pole  figure.  In  this 
oase  the  majority  of  the  (00.>()  planes  are  tilted  a  few  degrees  from  the 
normal  to  the  substrate.  This  probably  reflects  the  ehang;Lng  orientation  of 
the  CdS  growth  layeiv  or  the  fact  that  a  perfect  epitaxial  gx'owth  does  not 
persist  over  the  CdS  film  thiekness.  The  relation  between  the  substrate  and 
the  CdS  deposit  is  not  dear  at  this  time  beeause  definite  studies  have  not 
been  performed.  For  a  body  centered  cubic  metal  such  as  molybdenum,  the 
rolling  texture  of  thin  sheets  of  the  type  being  used  is  (OOl)  0^11^  •  This 
is  not  perfect  but  many  reasons  could  be  formulated  for  tte  fact  that  CdS  still 
deposits  in  an  oriented  fashion.  Our  limited  work  has  shewn  that  the  influence 
of  the  substrate  is  probably  not  too  significant  in  present  epitaxial  growth 
since  the  results  on  gLass  and  molybdenum  are  ooiqpl^ble.  However  this  may 
only  be  true  beoause  the  other  growth  conditions  are  nearly  equal.  Thus 
substrate  tanperature,  vacuum,  rate  of  evaporation,  and  geometry  have  to  be 
Judged  as  well  ae  the  substrate  condition.  If  the  proper  combination  of  growth 
variablea  can  be  fount!  a  more  perfect  orientation  nay  result  and  the  efflelenoy 
of  thin  film  cells  may  be  substantially  increased.  This  eaqphasises  the  im¬ 
portance  of  these  studies  and  the  genuine  possibilities  of  achieving  essentially 
the  sane  efficiency  as  the  single  crystal  cells. 


PART  III  BASIC  BARRIER  STOPIES 


The  spectral  response  of  the  CdS  solar  cell  can  be  used  to  provide  infom- 
ation  concerning  the  nature  of  the  photovoltaic  mechanism  and  can  also  predict 
the  performance  of  the  cell  under  illumination  of  known  spectral  distribution. 
Work  in  this  quarter  has  been  mainly  directed  toward  the  latter  aspect. 

Analysis  and  synthesis  of  an  expected  short  circuit  current  has  been  per¬ 
formed  on  two  front  wall  cells.  The  analysis  consists  of  determining  the  quantum 
yield  Q  in  electrons  per  photon  as  a  function  of  wavelength,  whereas  the 
expected  current  can  be  calculated  as  follows.  The  quantum  yield  at  a  given 
wavelength  is  multiplied  by  the  Illumination  photon  flux  per  unit  wavelength 
interval  at  the  wavelength.  This  operation  is  performed  over  the  wavelength 
interval  from  zero  to  infinity,  forming  a  function  idiich  is  the  generated  short 
circuit  current  per  unit  wavelength  Interval.  The  integral  of  this  function 
from  zero  to  infinity  is  then  the  calculated  short  circuit  current,  as  expiressed 
in  the  following  equation< 

J  -  Short  circuit  current  in  electrons/cm^  sec. 

Q  -  Quantum  yield  in  electrons/photon 

F  ■  Illumination  photon  flux  in  photons/cm^  see.  x  unit  wavelength 
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Si^tnt«  at  Contar 


Hits  hu  bMB  otrricd  out  on  two  front  mil  coils,  the  first  being  showi 
in  Flgire  20.  idiere  the  iUuninent  is  see  le\r«l  sualli^t.  The  Int^reted  current 
Is  U*9  m/enr,  vhlle  the  relue  neesured  in  sunlight  is  5*3  sie/oBr.  The  agreensnt 
is  qsite  good.  Figure  21  shoes  the  calouletions  for  the  sene  cell  ^  extre- 
terrestrinl  sunlight,  where  the  current  celenlates  to  be  7.25  m/osr,  rqtresmting 
an  inerease  of  which  can  be  attributed  to  the  higher  response  at  the  shorter 
wamleagths.  It  is  to  be  noted  here  that  this  cell  shomd  rerjr  little  enhaneesMnt 
effect  in  neasurenent  of  response  to  monochronatio  li^t  with  added  bias  li^t. 
Consequentljr,  it  probably  eppraoohes  a  linear  system  (like  a  p-n  Junction  cell) 
where  the  output  can  be  foimd  from  a  linear  combination  of  its  separate  oonponents. 

A  second  cell  (339  MH)  has  bean  investigated  by  the  sane  process,  with 
the  oaleulated  data  shown  in  Figure  22,  for  sea  level  sunlight.  ^  current 
calculates  to  uk/esr,  where  the  measured  current  is  6.9  aa/oar>  or  6Z.5% 
more  than  calculated.  Figure  23  ahows  the  results  of  spectral  response  measure- 
aants  for  nmwihrmatlo  li|^t  with  and  without  bias  light.  As  can  be  seen,  a 
siseabla  amhwioement  effect  exists  and  this  is  in  the  direction  indicating  that 
sunlight  generated  current  will  be  higher  than  the  integrated  monoehxtaaatie 
resprase  ahowe.  A  quantitative  evaluation  of  the  effect  of  enhancement  in  a 
oeU.  is  not  possible  at  this  tins. 

Considerably  more  work  has  bean  done  measuring  cell  response  to  two  mono¬ 
chromatic  beams,  pursuing  the  anmialously  high  quantum  yield  to  determine  its 
origin.  At  this  time,  however,  the  data  is  quite  incomplete.  What  is  required 
to  present  the  entire  picture  is  the  cell  short  circuit  ouxrent  as  a  function  of 
the  energies  of  the  photons  of  each  beam  and  as  a  function  of  the  photon  fluxes 
of  each  beam.  The  observed  behavior  of  the  cell  in  this  respect  is  described  as 
foUomt 

l)  For  light  of  the  same  spectral  distribution,  short  circuit  current  is 
proportional  to  intensity. 

2}  Fcr  two  incident  monoohromtlc  beams,  the  short  circuit  current  in 
general  is  a  non-linear  function  of  the  intensity  of  either  beam. 

3)  The  nature  of  the  non-linear  behavior  changes  with  the  intensities  of 
the  two  beams. 

U)  A  slngLe  oiystal  rear  wall  cell  has  been  measured  to  give  15  electrons 
per  added  2.3  ev  photon  with  biaa  light  photons  of  1.35  ev.  The  overall 
qoanton  yield  in  this  ease  was  about  1  electron  per  50  photons. 

Quantitative  data  beyond  this  stage  is  not  eonplete  and  it  is  difficult  to 
draw  any  valid  conclusions. 

A  xusdier  of  experiments  designed  to  characterize  the  electrical  and  optical 
nature  of  the  CdS  barrier  are  tentatively  scheduled  for  the  Cuming  period. 

Careful  analysis  of  absorption  and  photovoltaic  response  spectra  should  |^ve  m 
fair  description  of  the  i^ortant  energy  levels  associated  with  the  barriei*. 

Analysis  of  the  I-V  characteristics  under  monochromatic  Ulumination  may  lead 
to  a  modal  that  can  ejq>lain  the  enhancement  quantum  yield  mentioned  above. 
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TXox  T(tO  in  z  tae  z  0.1 


Fhoton  Flux  F(X)  in  ear  x  ••e  x  0*1  aicrou 


in  «Q.«etrons/photon 


Wavelength  X  in  Microns 


Figure  22 
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k  lKrgi»  nuribcr  of  ooUs  Kill  b«  fabrloatod  and  oontaotad  with  ▼arioua  grid 
aatarlala  to  atatlatleaUy  oraluAta  tholr  affoetlvanoes  as  ooUector  grlda. 

Ssparlnaata  with  plaatioa  and  lamination  of  oalla  will  continna,  with  oon- 
aidaration  to  largo  aroa  panol  doaigna.  Ho  fturthar  wox4c  on  orbital  evaluation  ia 
planned  until  after  the  actual  orbital  teat. 

Eleetrophoretio  dapoaition  on  molybdenum  aubatratea  and  aintering  e]q>erin«ita 
will  eontlnno. 

More  aaiphaaia  will  be  placed  on  life  teata  and  the  inhibition  of  efficiency 
decay  atudiea, 

Efforta  to  fturther  aone-refine  cadaiiun  will  be  continued  oaing  very  dry 
hydrogen,  oaygan-free  to  prevent  oxide  formation.  CdS  will  aiao  be  formed  by 
reacting  Cd  directly  with  H2S. 

The  Cd  diatiUation  apparatua  will  alao  be  coapleted,  teated  and  operated 
in  another  phaae  of  the  hi^  purity  CdS  experlnenta. 

The  microacope  light  figure  apparatna  ahould  be  ooapletely  aaaenbled  during 
the  next  repoi*t  period.  Flana  call  for  tne  inveatigation  of  grain  orientation 
atudiea  of  grain  grown  CdS  films  d^oaited  on  different  typea  of  aubatratea. 
Emphaaia  will  be  placed  on  the  examination  of  filma  depoaited  on  molybdenum  aub¬ 
atratea. 

Further  wox4c  on  etching,  especially  the  high  tanperature  vacuum  etching,  ia 
planned.  Examination  of  "feed  pile"  cryatala  will  alao  be  undertaken  to  determine 
more  preciaely  the  growth  habit  of  theae  cryatala.  Conpariaon  between  chemically 
etched,  grown,  and  vacuum  etched  cryatala,  and  theoretically  derived  growth  forms 
will  be  continued.  An  attenpt  to  correlate  this  etching  data  with  theoretically 
derived  reaction  kinetic  equations  will  be  continued. 

Atta^)t8  will  also  be  made  to  further  litprove  and  control  the  growth  of 
grains  of  CdS  films. 

At  the  present,  only  two  films  of  CdS  have  been  examined  by  pole  figure 
techniques.  It  is  planned  that  several  more  films  be  examined  to  corrobrate  the 
principal  results  and  re-examine  the  data  and  technique  utilized.  A  pole  figure 
apparatus  for  use  with  the  Norelco  diffractometer  has  been  constructed,  which 
should  provide  a  greater  measure  of  accuracy  for  intensity  data.  Furthermore, 
the  ease  and  rapidity  of  data  collection  will  be  sinpllfied. 

X-ray  procedures  and  apparatus  have  been  developed  for  dislocation  studies 
in  single  crystals  by  means  of  the  Lang  technique^^' .  Therefore,  a  preliminary 
survey  will  be  attempted  on  CdS  single  crystals  to  determine  applicability  to 
perfection,  dislocation  typos  and  content,  and  other  information  on  structure. 
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A  nuiabar  of  experlntnta  datLgnad  to  oharaoterlze  the  electrLcel  and  optical 
oatare  of  the  CdS  barrier  are  tentatlTblj  eebadolad  for  the  next  quarter.  Gare- 
fnl  analjala  of  absorption  and  photoToltalo  response  spectra  will  give  a  fair 
dsserlptloa  of  the  liqportant  eaergj  levels  associated  with  the  barrier.  Analjrsis 
of  the  1-7  oharaoterUtlos  uadeb  stonoehroaiatio  illuadnation  nugr  lead  to  a  model 
that  can  aaq)laln  the  aahanoed  quantum  yield  theory  discussed  in  the  text. 
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GRXSTAL  HCRFBOLOai  IN  EVAKRiTION,  BQDILZBIIIIM  AND  ORGNTH  IN  THE  VAPOR  PHASE 


0.  A.  Wolff  and  J.  R.  Hleteiun 
Htrohav  Chealcal  Co<q>ani3r 
Clrroltnd  1$,  Ohio 


The  aarphologjr  of  osTStalR  in  onipoaratlon  and  condonaatlon  inrocesaea  can 
ba  dorlTod  firoa  aorface  enorgjr  oaloulatlona  abieh  also  load  to  periodic  bond  chain 
(FBC)  -  Toctora.  Theee  veoton  «re  the  unit  Teoton  of  strong  bond  chaina.  It  is 
found  that  in  orjetal  growth  (oondenaation)  the  eryatal  edgea  of  the  growth  fom 
are  parallel  to  aooh  bond  chaina  while  in  solution  (evaporation)  the  ridges  of  the 
solution  fom  are  parallel  to  theau  Differences  between  derived  and  observed  con¬ 
densation  or  evaporation  nosphologjr  lead  to  iaportant  conclusions  concerning  the 
atonic  structure  of  the  crjrstal  surface.  The  influence  of  dislocations,  polytyplsns, 
degree  of  ionloitgr  and  covalenojr,  and  the  lack  of  a  center  of  syanetry  on  the  con¬ 
densation  and  evaporation  habit  of  exystals  ia  discussed.  The  application  of  the 
optical  reflection  (light  figure)  asthod  as  a  research  tool  to  investigate  the 
nechanlsn  of  evq;>oratlon  and  condensation  of  crystals  is  described.  Bxanpls 
equations  are  derived  for  naterlals  which  dissociate  iqx>n  evaporation. 


CRISTAL  MORraOLOQI  IH  EVAPGRAnOH,  BQUHJERZOM 
AMD  (»OWIH  IM  THE  VAPOR  PHASE 


Q.  A.  Wolff  and  J.  R.  Hiotanen 
Harsbait  ChomLcal  Co. 
ClBTolaad  1$,  Ohio 


With  the  advent  of  solid  state  electronics  each  attention  has  been 
pieced  on  the  nnderstanding  of  the  straotoral  aspects  of  solids.  For  exaaple, 
crystal  imperfections  and  their  effect  on  the  electrical  and  optical  behavior  of 
solid  state  devices  have  undergone  a  greed  deal  of  investigation.  Many  tools,  such 
as  aass  speotronetry  and  z-ny  diffraction,  have  been  used  with  nuch  success  to 
bring  forth  useful  data.  The  surface  morphology  of  crystals  has,  however,  hardly 
been  investigated  and  only  superficially  as  far  as  the  interpretation  of  the  bond¬ 
ing  and  kinetloal  aspects  of  crystal  surfaces  are  concerned.  Viiys  in  iddch  such  an 
investigation  can  be  pursued  will  be  described. 

There  are  three  types  of  planes  that  enclose  a  crystalline  body  during 
any  stage  of  its  norphologlcal  development.  They  are  designated  as  F«,  S-,  and  K- 
planesi  1.  e.  flat-,  stepped-,  aiuil  kinked-  planes.  Their  relation  to  one  another 
is  lUustrated  in  Table  I. 

The  crystal  fornm  that  these  planes  enclose  and  the  relation  of  the  various 
form  types  is  given  in  Table  II. 

The  critical  interpretation  of  crystal  foras  and  their  relation  to  equili¬ 
brium,  crj'stal  growth,  and  solutiw  kinetics  svqpplles  Isportant  infomation  on  the 
bond  structure  and  the  klnetlcal  aspects  of  crystal  surfaces.  In  this  interpreta¬ 
tion  the  following  facts  appear  to  be  of  isportanoet 

1}  An  equilibrium  form  of  a  crystal  is  bounded  by  only  F-  planes.  The 
edges  as  interceptions  of  the  existing  F-planes  are  all  parallel  to  bond  chains 
(strong  bond  arrsys).  This  holds  true  for  any  type  of  bonding. 

2)  For  growth  or  dissolution  processes,  where  heat  or  material  dlffusioi^ 

is  not  rate  controlling,  a  crystal  growth  form  or  an  etch  pit  solution  form  is  finally 
bounded  by  only  F-planes.  Such  foras  are  the  result  of  what  from  a  crystallogrmfMc 
point  of  view  is  csdled  a  preferential  growth  or  dissolution  process. 

3)  The  presence  of  screw  dislocations  gives  rise  to  vicinal  planes.  These 
dislocations  do  not  affect  the  strength  or  direction  of  the  strong  bonding  arrays. 

The  kinetics  of  ev^>oratlon  and  condensation  are,  therefore,  still  greatly  determined 
by  these  bonding  srrays.  In  kinetic  or  equilibrium  studies  of  this  ^rpe,  the  pres¬ 
ence  of  dislocations  are  actually  quite  helpful  since  they  provide  surface  depressions 
(pits)  and  elevations  (hillocks)  idiich  provide  readily  available  sites  at  idiich 
evaporation  or  c(»densation  can  be  initiated. 

The  light-figure  technique  has  proved  to  be  quite  useful  in  the 


TABLE  I 


Type  of  Plane 
P-plane 
S-plane 
K-plane 


Surface  Atom  Bonding  Energy 

,  S>  2 


Number  of  PDC  Vectors 
Two  or  niore 
one 
none 


S  h  represents  the  bonding  energy  of  the  atom,  molecule,  ion,  etc.  in 
the  equilibrium  or  "half-crystal"  position.  ^  represents  the  bonding  energy  of 
first  nearest  neighbors.  P3C  vectors  are  periodic  bond  chains  that  exist  in  a 
crystal  face.  All  atoms,  molecules,  ions,  etc.  of  a  PBC  vector  are  bonded  to  the 
crystal  by  one  bcxid  more  than  the  atom  in  the  equilibrium  position. 
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(bounded  body  with  (Polyhedron) 
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intersec  l  int;  at 

more  or  less 
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The  grov.'th,  squ."' Ubrluri',  and  negative  grovjth  fon.s  hav(>  PBi:  v'-^tors 
paralled  to  the  ocboe.  '.i.oso  forms  am  onclosi'ti  by  iJ’-plannc  (S-?'-  pLuiv  s  can 
persist  in  some  inotancos).  The  solution  and  negative  solution  forms  have  PEG  vi  ctcr." 
parallel  to  the  curved  ridges.  These  forms  are  crolcaed  by  vicinal  A-planfts, 


irweBtlffatlon  of  growth  and  dissolution  forms.  By  this  tochnique  one  is  able  to 
detendns  the  dlxeotion  of  steps  on  the  crystal  surface  of  dimensions  smaller  than 
the  wave  length  of  light  and  thus  elucidate  the  directions  of  the  strong  bonding 
MTogrt*  As  a  result,  l^>ortant  ozystallograi^o  aspects  of  crystal  surfaces  can 
in  nMQT  oases  be  uncover^  shleh  remain  obscure  dtrlng  optical  or  electron  nlcro> 
soope  studies.  Further,  the  pattern  obserred  during  a  light-figure  investigation 
can  be  dlreotly  related  to  tlM  stereographio  pattern  of  a  theoretical  growth  form. 
Fundamwital  eonelusions,  can,  therefore,  be  made  regarding  the  structural  bowling 
of  surface  atoms,  Iws,  molecules,  etc.  Table  III  depicts  this  relationship. 

tfpe  of  stttdiy  has  been  applied  to  the  crystals  of  the  diamond  ^e 
strueturev*/.  Iviphology  studies  of  growth  and  solution  forms  of  these  structures 
has  rsTealed  that  (001)  and  (111)  are  the  stable  planes  on  diamond  while  (001), 

(111)  and  (113)  appear  on  germanium,  silicon  and  gray  tin.  See  (A)  and  (C)  of 
Figure  1.  Theoretical  equilibrium  form  calculations  taH.ng  into  account  first  and 
second  nearest  neighbor  interactions  account  for  the  cpnoarance  of  (111)  and  (001) , 
respeotlTsly,  on  these  structures  but  the  appesrance  of  (113)  could  be  accounted  irr 
only  after  a  surface  deformation  was  assumed  in  iMeh  surface  atoms  moved  (»e  quarter 
of  the  lattice  bo4f  diagonal  into  energetically  more  favorable  nositions.  Surface 
deformation  could  also,  in  fact,  explain  the  appearance  of  (001)  and  second  nearest 
nelihhar  Interacti^  (idiich  are  in  reality  quite  small)  rould  thus  be  disregarded. 

H.  B.  FsrneworthC3)  has  verified  the  surface  deformation  in  this  plane.  The 
morphology  of  .  -SIC  (of  sphalerltfi_structure)  reported  by  N.  W.  Thlbaultt^'  reveals 
the  presence  of  (113)  but  not  of  (113).  See  (B)  of  Figure  1.  A  study  of  this 
structure  reveals  that  the  two  antipode  planes  (113)  and  (113)  can  be  cosposed 
entirely  of  atoms  of  the  opposite  type,  1.  e.  Si  and  C.  The  existence  of  (113)  can, 
therefore,  be  attributed  to  the  rearrangement  of  silicon  atoms  at  the  surface  while 
the  absence  of  (113)  can  be  related  to  the  absence  of  surface  deformation  in  diamond. 

This  typo  of  study  has  also  been  applied  to  other  polytypes  of  Sic(5). 

Good  agreement  him  been  observed  between  theoretically  calculated  and  observ'>d  forr'B. 
Figures  (2)  and  (3)  are  the  steroographic  projections  for  the  theoretically  calcu¬ 
lated  equilibrium  forms  of  all  polytypcs.  Table  IV  lists  the  planes,  as  a  function 
of  bonding  conditions,  tly\t  cnoloso  the  equilibrium  forms.  Table  7'^'  gives  a 
comparison  between  observ;^;'  and  calculated  planes  for  tnany  of  the  ooiv'typps . 

It  is  interesting  to  note  that  all  the  polytypcs  can  be  conparod  to  a 
single  sot  of  calculated  equilibrium  forms.  In  this  conparison  the  sphaWite  typ“ 
lattice  can  be  taken  as  the  basic  lattice.  The  polytypes  can  then  bo  considered 
to  consist  of  this  basic  lattice  \rlth  systepattcally  spaend  "tirinning"  or  stacking 
on  the  (111)  plane.  Closo  cramination  of  the  pyramidal  and  prismatic  planes  on 
equilibrium  forms  shows  that  these  planes  can  be  composed  of  (111)  and  (001^  planes 
in  the  sphalerite  type  structures  on  either  side  of  a  stacking  fault.  In  an  anale- 
Eous  manner  to  the  -SiC  mentioned  above,  the  oristence  of  comnosed  planes  contain¬ 
ing  (113)  as  ono  of  the  nlanes  has  been  oroposed.  The  pln.n  o  M  at  r-  silt  by  a 
conibination  of  (111)  and  (113),  with  due  regard  to  modifications  introduced  at  the 
stacking  faults,  have  been  calculated  and  are  given  in  Table  VI,  '’’hose  nlanes  have 
been  included  in  Table  V, 

The  difference  in  behavior  of  germanium  surfaces  when  thermally  etcljer^ 
in  oxygen  and  in  chlorine  can  also  be  understood  by  micromorphology  studies 


TABia  III 


Feature 

Spot  or  point  of 
intersection  of 
lines. 


Lines  ending  in  or 
crossing  other  lines 
at  intersections. 


Light-Figure 

Uepreoonts  P-planes 
whose  dimensions  are 
greater  than  the  wave- 
lenght  of  light. 


Represent  microscopic 
plr.nr!8  (vicinal  S-planes) 
tilted  in  only  one  zonal 
direction.  They  are  made 
up  of  steps  composed  of 
two  F  planes  of  microscopic 
dimensions.  The  step  dis- 
tancos  ore  of  dimensions 
coRparable  or  smaller  than 
the  wavelength  of  light 
applied . 


Stereographic  Projection 
Represents  a  stable  plane. 


Represents  edges  between 
two  planes. 


(10.1/3(M+2N))-V 


(01*1/3(2M+N)) 


2/3(M+2N)-2/3(2M+N)-1 


(10.1/3(M-N)) 


3>^>1 


l/3(3-^)(M*2N) -1/3(3-^)  (2M+N) • 
2/3(Mf2N)-2/3(2M+N)*l 


l/3[(3-f)M+(3^pit]  •l/3f  (3^)M+(3-pN] 


Figure  3-  General  Polytype  Equlllbriiun  fonna  for  Various  Ratios  of  c-directional  to 
a-airectlonal  bonalng.  These  are  stereographic  projections  oi  general  polytypo 
equilibrium  forms  for  varying  ratio  of  c-directional  to  a-airectional  bonding  strength 
contribution  to  the  surface  energy.^  equals,  c-diroctional  to‘a-dtrectlonal  ratio. 
Surface  energy  is  given  by(rhkl-(Uh-»Vk+tfl)a  whcroU’V’W  ai’e  given  as  Indicated  in  the 

unit  area  , 

figure,  M  and  N  have  same  meaning  as  denoted  in  Figure  2. 


K  and  N  are  as  denoted  In  Figure  2.  6  is  the  raUo  of  cation  to  anion 
dangling  bond  energy  contribution  to  the  surface  energy,  p  is  the  c-directlonal  to 
a-directional  contribution  to  tho  surface  energy.  X  indicates  the  plane  that  appears 
on  the  equilibrium  form  under  the  condition  isposed  at  the  top  of  each  column  cf 
the  table. 
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A  copparlson  betirocn  observed  and  calculated  planes.  Tbe  table  includes 
only  those  poly  types  idiere  norpholosy  data  was  available ,  The  numerical  ’■a  lues 
given  are  the  number  or  tines  the  respective  planes  -irero  observed.  Lo"cr  case 
letters  denote  ref oronoes .  I.  and  are  as  denoted  in  7igure  2 .  n^  is  the  number 
of  odd  n's  appearing  in  Zhdanov’s  notation.  niQ  is  the  number  of  odd  m's  appeai-ir." 
in  Zhdanov's  notation,  p  is  the  nunhor  of  nn  combinations  in  Zhdanov  s  notation. 
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TABIiS  n 


10*l/3(Hm/2)4a/2no 

01*l/3(I**V2)^V2«o 

10*1/3(H*5II) 

01‘l/3(SlWi) 

1jO*1/3(M«N)-P 

01*V3(5M*N)-p 

10*V3(M*2N1-P 

01‘V3(2M*N)-p 

u-iTJIRJsy 


01. 1/3 

10-V3(»*H/?)*372m; 

oifTTJW^ 

io-T7W^ 

oi.V3(K»5g)-P 

io*V3T5WW)-p 

oi»T73IB»Wp 

io.VT(^H»Tn'-p 

11*1/2(K*N) 


Calculated  equilibrium  form  planes  resulting  from  surface  deformation 
and/or  foreign  atom  absorption.  M  and  N  are  as  denoted  in  I^lgure  2.  n.  Is  the 
noD^r  of  odd  n's  iqppearlng  In  Zhdanov's  notation,  is  the  number  of  odd  m's 
appearing  In  Zhdanov's  notation,  p  Is  the  number  of  mn  coohlnations  in  Zhdanov's 
notation. 
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Figure  (it)  ehoHB  two  photondcroEraphs  of  a  germanium  (111)  plana.  The  samsle  was 
cracked  and  one  piece  etched  in  chlorine  and  the  other  in  ooQrgen.  (The  piece  with 
the  larger  pits  me  etched  in  oi^en).  Although  the  etch  pit  shape  as  obsexred  in 
the  photomicrogngihs  can  be  evaluated  (the  walls  of  the  pits  being  rotated  in 
the  two  oases),  it  is  rather  difficult  to  make  definite  conclusions  regarding  the 
stSbility  of  certain  bmding  arriqrs.  The  li|^t-flgare  patterns  of  these  surfaces 
reveal,  however,  a  clear  three-fold  symmetry.  The  conpleta  light-figure  patterns 
for  genaaninffl  etched  in  these  gases  are  shown  in  Figure  iS)  and  (^).  Included  le 
tbs  theoretleal  etch  pit  (negative  growth)  form  that  appears  on  various  surfaces  of 
a  bypotetloal  germanium  crystal.  Among  the  conclusions  to  be  drawn  from  this 
ooB|>arlson  is  that  the  chlorine  leaves  either  the  surface  unchanged  and  no  absorp¬ 
tion  or  atonic  rearrangement  has  taken  place;  or  the  univalent  chlorine  singly 
binds  to  the  dangling  bonds  of  the  germanium  surface  atoms.  This  follows  from  the 
good  natch  dbserved  between  the  chlorine  li^t-figure  and  the  theoretically  calcu¬ 
lated  gemaniun  equilibrium  form  where  only  first  nearest  neighbor  interactions 
were  o<»sidered.  Oxygen  etching,  however,  results  in  the  formation  of  new  stable 
bwding  arrays.  This  is  understood  by  the  appearance  of  (001)  and  (ilo]  sone 
between  the  planes  (111)  and  (111). 

The  Uc^t-flgure  reflection  patterns  of  some  vapor  etched  materials  of 
wurtslte  and/or  sphalerite  structure  are  shown  in  Figure  (7).  Sindlarily  between 
these  forms  and  tte  theoietically  calculated  forms  is  evident.  The  ZnS  pattern,  for 
exrjg>le,  exhibits  a  great  deal  of  similarity  with  the  theoretically  calculated  habit 
for  tho  case  3>]r>  1  cr  1>  d>l/3,  depending  on  crystal  polarlly,  in  Figure  (A). 

The  reanon  for  tto  ^ipearance  of  (H.O)  has  yet  to  be  determined.  The  CdS  patterns 
also  reveal  some  similarity  with  this  case  although  two  additional  planes  are  seen 
to  appear.  Similar  statements  hold  for  the  other  patterns.  A  coR|>arl8on  of  the 
observoc!  anti  calculated  forms  suggests  that  Just  a  little  more  experimental  data 
are  nocccsary  to  provide  for  a  complete  interpretation.  The  decrease  in  the  com¬ 
plexity  of  tho  evaporation  pattern  of  various  materials  (1)  tdth  the  change  from 
sulfides  via  selenides  to  tellurides  and  (2)  with  the  anions  constant,  e.g.,  in  the 
change  from  CdS  to  ZnS,  suggests  the  need  for  vapor  and  vacuum  etching  experiments 
at  various  tenperatures.  The  indication  is  that  although  at  the  evaporation  teopera 
tures  of  CdS,  for  exaaple,  only  Cd  and  S^  is  formed  in  the  vapor  phase  this  is  not 
so  «t  the  surface  where  the  appearance  of  (10*3)  inplles  the  formation  of  larger 
molecules  such  as  Sj^,  S^  and  Sp.  The  difference  in  evaporation  and  growth  forms  on 
CdS  lends  further  8upp<^  to  this  hypothesis.  There  is  also  a  need  for  some  restrlc 
tive  assunptions  in  the  equilibrium  form  calculations.  These  mi^t  include,  for 
exanple,  surface  deformation  and  foreign  atom  absorption. 

The  possibility  of  the  formation  of  long  sulfur  chains  or  rings  on  CdS 
during  an  evaporation  process  inplios  the  need  for  a  careful  evaluation  of  the  kino- 
tical  aspects  of  evaporation  and  condensation.  The  effects  of  the  kinetics  of  these 
two  processes  on  the  condensation  coefficient  needs,  in  particular,  to  be  better 
understood.  0.  A.  SomorJai'^Mx)  has  recently  dealt  with  this  problem. 

For  demonstration  purposes  the  following  possible  exanples  of  evaporaticn 
are  suggested! 

1)  CdS  could  break  away  from  a  !d.nk  site  (1)  and  diffuse  onto  the  cryctnl 


Flnuro  5*  “  The  storeoijram  corresponda  to  the  light-figure  pattern  observed  on 
a  chlorine  etched  germanium  sample.  This  stereogram  also  corresponds  to  the 
theoretical  equilibrium  form  when  only  first  nearest  neighbor  interactions  ai'e 
are  considered,  Tho  negative  growth  form  is  included.  The  intersection  of  this 
form  with  various  surfaces  of  a  general  gernvinlum  crystal  is  given.  Only  these 
edges  that  aro  PBC  vectors  are  stable.  Edges  not  parallel  to  PDC  vectors  are 
unstable  and  (iisappoar.  In  tho  stfjroograins  lines  between  points  of  intersection 
represent  stable  PIIC  vectors.  In  the  case  roprcoonted  hero,  the  resulting  oteh 
pit  form  on  (111)  would  bo  o  triangle. 
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ri6U/?£7-  STLRCOCRAFIIJC  PKOJtCTIONS  OF  WURTZIIE  ARP  SVIIALCRJU  TWC  Sn'llCTllKtS  ^ 
RLSIILTJNG  FROM  TKCRMAL  ARP  CAS  IJClIJRC, 


1/. 


1 1 

1  .  3>^r>i 


I  Figure  8,  -  Theoretically  calculated  equilibrium  forms  of  wurtaite  typo  materials 

for  vazylng  ratios  of  cation  (C)  to  anion  (A)  contribution  to  the  surface  energy. 
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tarfaM  (3),  teMk  tq?  into  2Cd  and  S2,  (3*)  and  then  avaporate  (I»).  Indices  1,  3# 
3*  and  it  denote  the  eqaUlbritw  site  (1)}  the  surface  adsorption  site  (3)  for  CdS| 
(3')  for  Cd  and  Sj  and  the  npor  phase  (u).  (This  analysis  assones  the  fomation 
of  So*  The  saw  prooess  oonsldexlng  the  fcrnation  of  or  S.  could  also  be 

ealoolated.)  In  this  prooess  the  rate  oontrolling  step  could  be  the  breaking  away 
of  CdS  fToB  the  kink  site  or  the  breaking  up  of  2CdS  into  2Cd  and  S2.  The  reaction 
can  be  expressed  as  follows i 


1 - *-3  3 - ^3'  3» - *-U 


[ky-kj^COdS),]  Cfc 


k^Cd3  -  k, 


^’'3il,®3 


C.  is  the  concentration  of  kink  sites  on  the  crystal  surface.  The  solution  of  this 
equation  under  both  processes  results  in  cubic  equations  that  hare  a  real  and  two 
oogplex  solutions.  The  matheiaatics  becones  imrolred  and  it  appears  difficult  to  give 
a  good  physical  explanation  of  the  results.  The  problem  can  be  sinply  solved ,  how¬ 
ever,  if  the  steps  preceding  and  following  the  rate  determining  step  are  considered 
to  occur  at  a  much  greater  rate  than  the  rate  determining  step  and,  as  such,  assumed 
to  be  in  quasi-equilibrium.  Under  the  conditions  when  3  '  »  3’  is  rate  determining 

the  folloikng  equation  results: 


-■fet  • '“j-s  ({|^  (imA)  . 

The  sub-s  refers  to  equilibrium  (saturation).  ^i/hen  1 - ^3  is  the  rate  determining 

step  the  following  equation  results: 


Both  equations  can  be  compared  with 


the  equation; 


10 


dn 

Adt 


«=ts  -v 


Vftwn  kj^i  v*por  phase  conposltion  is  kept  at  the  ratic  Cd:S«l, 

C.  -Cd.  ♦  S  and  (CdJ  S^j)  •  U/27  It  follows  that  o(.l  • 


then 


“‘‘•“l.’  -I,  -T.  !, 


2k 


3'3 


"al  “a'l. 


1 

"Cd  "§2 


2' 


27 


q  is  the  cadmium  sticking  coefficient  and  S  is  the  sulfur  stlcW.np  coefficient. 

^  a  similar  manner  2  ^*5  calculated  and  sho^m  to  bo  a  compler  <■  unction  0^  C),. 

The  influence  of  Cw  as  a  function  of  Ci  has  not  been  calculated  yet.  These  eetu^ons 
hsire  been  derived  in  the  manner  applioo  in  refermoc  (10).  The  nomenclature  is  the 
same  as  that  m>pearing  in  the  references. 

2)  The  same  type  of  an  analysis  can  bo  carried  out  when  it  is  assunod 
that  the  breaking  up  and  recombining  of  atoms  occurs  at  the  Idnk  site  before  their 
diffusion  onto  the  crystal  surface.  In  ono  case  2Cd  and  So  can  be  thought  to  leave 
the  kink  site  simultaneously;  or  in  the  other  case  Cd  can  leave  before  the  subsccuont 
conhination  of  sulfur  into  S2  and  the  diffusion  of  Sj,  and  another  Cd  array  from  the 
kink  site.  These  reactions  can  be  expressed  as  follor«; 


1 - *-3 


Ch(ki3-2k3i  Cd^ 


Ch(k 


->-l- 


111  -  “1  1  ^-5/ 


\/ 


•'2.  “3  - 


->-3 


•1 


Tho  Indicles  1,  1',  3  and  .t  denote  tho  equilibi  ium  or  kink  site  (1  tho  activr 

state  of  tho  kink  site  (1  },  the  .•■facf;  ai.k;orption  aito  (3)  arr'  ' '  vapor  'I;'. 

In  thic  case  two  sinultan''oj5  pree  ;  occur;  1— _ ►-3  anr3  i _ ►-1  _ _ ►-j. 

When  the  rate  determining  stops  ei  I— -►-3  anr'  1  ■  ■  >  1 ' ,  respoctl  voiy,  tj-e 

ing  equation  results ; 


“jii  \  ‘jk  ‘31. 


The  condensation  coefficient  (K  in  this  case  would  be  a  conplex  function  of  the 
various  rates. 

A  great  deal  of  attention  should  be  placed  on  understanding  the  effects 
of  crystal  geonetry  on  evaporation  and  condensation  processes.  These  inrocessec  are 
a  sensitive  function  of  crystal  geonetry  and  inportant  conclusions  regarding  sur¬ 
face  reactions  can  be  obtained  when  this  effect  is  considered.  As  an  exanple,  the 
exaalnatian  of  the  structures  of  wurtsite  and  sphalerite  type  materials  '*ndicatcs 
the  existence  of  four  different  kinetic  paths  by  which  evaporation  can  occur.  In 
wnrtslte  tyiM  naterlals  two  of  these  paths  alternate  for  each  succeeding  basal 
plane  layer.  See  Figure  (9).  In  sphalerite  type  materials  these  paths  are  the 
sam  in  each  succooding  (111)  layer  but  vary  on  different  faces.  This  is  also 
depicted  in  Figure  (9).  For  wurtsite  type  materials  the  resulting  evaporation  form 
ejdiiblts  six-fold  syioiBBtry.  For  sphalerite  type  naterlals,  however,  the  rapid  evap¬ 
oration  rate  is  confined  to  three  faces.  As  a  result,  a  three-fold  symnetry  is 
observed  on  the  evaporating  form. 

Ksntion  should  also  be  made  of  the  role  played  by  the  structure  on  the 
rate  of  dissociation  of  a  given  material  in  various  crystallographic  directions. 

An  F-plane  will  have  the  slowest  dissociation  rate.  The  rate  of  dissociation  of 
any  plane  tilted  with  respect  to  two  or  more  F-planes  will  depend  on  the  dissociation 
rates  of  the  F-planes  involved.  The  rate  will  vary  with  the  tilt  angle  and  new  F- 
p^es  will  begin  to  influence  this  rate  as  the  tilt  angle  is  changed.  These  factors 
should  be  understood  and  accounted  for  in  dissociation  rate  investigations  since  slow 
attack  of  a  plane  is  often  taken  as  a  criterion  for  a  high  ctabllity  or  a  low  chemi¬ 
cal  reactivity. 


In  conclusion,  it  is  the  determination  of  F-planes  and  the  PBC  vectors  of 
thece  planes  that  are  inportant  in  ndcromorphology  studies.  Iitportant  infomatlon 
on  the  bonding  of  surface  atoms  and  the  kinetics  of  growth  and  solution  processes 
can  be  obtained  from  such  studies. 
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Flr.ure  9,  -  Schematic  drawinco  of  (a)  wurtalte  and  (b)  sphalerite  tJTac  structures. 
1^1  and  7.2  represent  rate  constants  of  an  evaporation  process;  Kj^  IIp.  For  (a) 
the  upper  layer  evaporates  aloni;  bonding  arrays  in  the  direction  indicated  by  the 
long  arrow.  The  second  layeTf  vqpon  exposure,  evapbratos  in  the  direction  indicated 
by  the  long  arrow  for  that  layer.'  The  process  then  repeats.  Sibc.-fold  symmentry 
results.  For  (b)  all  the  layers  evaporate  in  the  direction  indicated  by  the  long 
arrow.  Throe«fold  symmetry  results. 
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